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Abstract
1
This study primarily investigated the spatial temporal relationship between the estuarine 
geomorphology and five shorebird species (Aves: Charadriiformes) at Shoalhaven River on 
the southern coast of New South Wales, Australia. Population data on five shorebird 
species (Pacific Golden Plover, Lesser Sand Plover, Double-banded Plover, Red-capped 
Plover and Red-necked Stint) have been collected since 1970. Preliminary analysis of these 
data suggested a cyclic trend in annual population numbers that may be linked to estuarine 
geomorphological processes.
The entrance to the Shoalhaven River is often blocked by a barrier dune, periodically being 
breached by floodwaters. Once opened the entrance channel is slowly closed by tidal 
pumping through Berry’s Canal, sediment transport along the beach front and aeolian 
derived sands. Preliminary investigations suggested this opening and closing regime is 
cyclic. Thus the questions being asked include determining if the entrance condition is 
cyclic and whether there is temporal and spatial variation in seven habitat types within the 
entrance basin (marine waters, estuarine waters, intertidal flats, supratidal sands, saltmarsh, 
dune vegetation, other land). Finally I explore the relationship between temporal changes in 
the estuarine morphology and the five shorebird populations.
To determine spatial changes in the estuary morphology and the seven habitat classes I 
interpreted thirteen aerial photographs taken between 1970 and 1996. This study period 
covered two complete cycles of open (1974-1980 and 1988-1995) and closed (1970-1974, 
1981-1988 and 1995-96) entrance condition. Each photograph was first georectified with a 
digital image processing package (DIMPLE) to correct for spatial distortions that occur 
during the aerial photographic process. Habitats in the final images were then interpreted 
via digitising into the seven habitat classes within a Geographic Information System (GIS). 
Two GISs were used during the course of spatial analysis, ERMS and SPANS GIS. Within 
the GIS, areas of each habitat within each year of image capture were determined. These 
data are regressed against time since entrance opening to examine trends in habitat change.
Additionally, inferential data was available from several sources on the general entrance 
condition using a trinomial classification (open, closing, closed) since 1936. This data was
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analysed for cyclic trends using the contingency periodogram. Data from this time series 
were also compared against the El Nino Southern Oscillation Index (SOI) and Sunspot
activity index for correlation’s between these mesoscale phenomena and the entrance 
condition. Finally data derived from these analyses were correlated against the population 
time series of each species and the five species combined.
The results show there is a quasi-septennial cycle in the entrance condition since 1936, 
with open and closed regimes lasting for 6-9 years. The data can be loosely related to 
strong positive and negative deviations in the SOI. There was no obvious relationships with 
sunspot activity. Concomitantly, all the estuarine habitats (except other land) changed 
dramatically through the study period. The study was able to graphically illustrate the 
direction, development and vegetative invasion of a major dune on the southern side of the 
entrance channel, the development and expansion of saltmarsh communities, the alteration 
and subsequent realignment of the beach front after breaching and substantial changes in 
the intertidal flats. Correlation with shorebird populations was more difficult to establish, 
although several species do correlate well with temporal and spatial changes in the 
available area of intertidal flats and saltmarsh. There was however an obvious correlation 
between shorebird populations and the general condition of the entrance channel, with 
larger populations being present during the closed phased and the lowest numbers present 
during the open phase of the channel.
Issues in relation to the findings of this study and shorebird conservation in the Shoalhaven 
Estuary are discussed.
The study demonstrated that temporal and spatial patterns in habitat and estuarine 
geomorphology can be readily interpreted from remotely sensed data and suitably analysed 
with a GIS. Whilst determination of correlation’s between shorebird populations and these 
biotic processes was more difficult to determine, a casual link was readily established.
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Chapter 1 1
CHAPTER 1. 
Introduction
1.1 Background
Biological conservation entails the preservation of habitat that supports a varied plant and 
animal community which exists naturally in a given set of environmental conditions. For 
the successful conservation of any species to be fulfilled, it is necessary to obtain a 
comprehensive understanding of the species' ecology. Succinctly, this requires a 
knowledge of how each of the study species interacts with its environment, and with 
other species that live within the community. Intertwined within this knowledge base, is 
the need to understand how a species is distributed across a given biogeographic region. 
This is particularly important if the target species has a disjunct or patchy distribution, or 
is restricted to occupying specialised environments, such as the intertidal zone of coastal 
estuaries. One factor often overlooked in ecological studies is the impact of 
environmental change over time.
In a recent review of ecological biogeography, Hengevald (1993) suggested that a taxon’s 
biogeographic role needs be understood as a process within an ever-changing 
environment. Populations of all species are in a continuous state of flux, allowing 
capriciousness in a perpetual landscape, the link between biotic and abiotic processes 
being primarily in the local distribution and abundance of all species within any given 
ecosystem. This observation is particularly relevant to coastal estuarine ecosystems.
Estuarine environments are by their very nature, dynamic in their temporal physical 
structure, continuously being modified as a function of global, regional and local climatic 
influences; changing environmental properties within the river catchment; human- 
induced physical changes and/or the temporal influence of unpredictable oceanic storm 
surges (Murray 1982, Costanza et al. 1993). Despite these seemingly highly unstable 
conditions (or perhaps because of them), estuaries are prolific and diverse in the 
community organisation of their biota, providing nurseries for many of the world's 
fisheries, extensive mangrove wetlands, saltmarshes, seagrass meadows and a 
kaleidoscope of invertebrate species which thrive in the cyclic upheaval of intertidal soft
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sediments. Within the estuarine environment, roam a rich assemblage of predatory birds 
that forage incessantly through the low tide period. One group of cosmopolitan birds that 
are especially adapted to foraging within the estuarine environment are the shorebirds (or 
waders), a collection of species that all belong to the Order Aves: Charadriiformes. 
Shorebirds are armed with a diverse array of body size, bill structure and foraging 
strategies (eg. Baird et a l 1985, Hayman et al. 1986), all aimed at exploiting the rich 
benthic invertebrate fauna that reside within the intertidal sediments. Shorebirds, many of 
which are trans-equatorial migrants, are well represented in the estuaries of New South 
Wales, with almost 50 species being recorded (Lane 1987, Smith 1991). Shorebirds range 
in size from Red-necked Stint Calidris ruficollis (50g) to Eastern Curlew Numenius 
madagascariensis (1300g) and forage almost exclusively on intertidal invertebrates (del 
Hoyo et al. 1996).
Although much is known about the biotic connectivity between shorebirds and their prey, 
and about the abiotic physical processes that mould an estuary’s shores (eg. Evans 1979, 
Burger 1984, Piersma et a l 1993, Kalejta & Hockey 1994), few studies have examined 
the link between temporal and spatial properties of the estuary and populations of the 
birds that use this environment. Concomitantly, studies on the temporal and spatial 
properties of intertidal invertebrates (benthic fauna) have been well documented. For 
example, Stephenson et a l (1977), Hodgkin (1978), Saenger (1980) and Jones (1987) all 
demonstrated significant temporal and spatial changes in benthic invertebrate populations 
following major flood events in Australian estuaries, while Jones (1990) has 
demonstrated a similar significant change also occurs during prolonged dry spells.
Several important lessons have been learnt by these studies. They demonstrate:
• that short-term baseline studies in estuarine fauna are unlikely to encompass major 
weather events.
• that short-term baseline studies may be grossly unrepresentative of the natural 
variation within the biota of an estuary.
• that invertebrate fauna can be substantially different within different sections of an 
estuary, even over distances as little as a few hundred metres.
• that if invertebrate fauna differ so markedly through an estuary, it would seem logical 
that the spatial and temporal populations of their predators (eg, fish and birds) are 
also likely to change.
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An understanding of how temporal abiotic parameters affect an estuary is important. It 
allows us to better predict the potential impacts of anthropogenically induced changes to 
the environment, and to react cautiously to sudden changes in biodiversity issues that 
occur after major climatic events.
1.2 Study area and aims of the thesis
The Shoalhaven River estuary on the southern coast of eastern Australia (Figure 1.1) is an 
important habitat for up to 20 shorebird species, 15 of which are listed as vulnerable or 
threatened in Schedules 1 & 2 of the New South Wales Threatened Species Conservation 
Act (TSCA, 1995) (Chafer 1989, Smith 1991). A draft management plan to conserve 
threatened shorebird populations was recently published by the NSW National Parks and 
Wildlife Service (Lawler 1994), however little attention was placed on measuring 
temporal environmental change within that plan. For the Shoalhaven estuary, population 
estimates of shorebirds have been conducted irregularly between 1970 to 1975, and 
regularly since 1976 (Chafer 1989). Between 1970 and 1996 significant changes occurred 
in both shorebird populations and the geomorphology of the estuarine entrance to the 
river. Preliminary investigations suggested a casual link between the physical nature of 
the estuary and changes in the populations of shorebird species, especially several species 
listed on the TSCA that are restricted to using a certain part of the estuary. Thus it 
seemed appropriate to analyse, within the framework of a Geographic Information 
System (GIS), how changes in the geomorphology of the estuary may have impacted on 
shorebird populations over that 25 year time frame. This study therefore examines that 
role, exploring the temporal variation in the spatial properties of an estuary, and the effect 
this has had on a selected suite of shorebird species that use the lower Shoalhaven River.
Geographic Information Systems are computer-based information systems where the 
data is referenced to a spatial or geographic co-ordinate system (eg. longitude & latitude, 
eastings & northings). GISs are used to acquire, store, process, retrieve, analyse and 
manage spatial and attribute data from several different sources (Star & Estes 1990). 
Most GISs have the capability to combine or overlay "layers" and perform spatially-based 
analyses that are difficult to deduce using manual methods. This ability to model new 
layers by combining data from different sources has become a useful tool for interpreting 
the landscape we live in. GIS is used within this manuscript to examine the temporal
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spatial distribution of several habitats in the Shoalhaven estuary between 1970 and 1996. 
These data were primarily obtained from remotely sensed data in the form of aerial 
photographs.
To conduct the analysis, a suite of five shorebird species restricted to using the 
Shoalhaven Heads study area (Pacific Golden Plover Pluvialis fulva , Lesser Sand Plover 
Charadrius mongolus, Red-capped Plover Charadrius ruficapillus, Double-banded 
Plover Charadrius bicinctus, Red-necked Stint Calidris ruficollis) were selected for 
comparison with environmental change.
This study was therefore carried out in two stages:
i mapping and analysing temporal variability in the estuarine environment from 
15 remotely sensed images captured through the study period of 1970-1996.
ii analysis of the temporal shorebird populations for a selected suite of species and 
correlating them with changes in microhabitats within the estuary for the period 1970­
1996.
Figure 1.1. Location o f study area and major geographic and cultural features o f the lower 
Shoalhaven River.
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1.3 Thesis layout
This introductory chapter has broadly described the background, focus and direction of
the current research. The remainder of the thesis will consist of a further six chapters
covering:
• descriptions of the physiography of the Shoalhaven estuary.
• descriptions of the shorebird species being analysed within this study.
• integration of remote sensing data and geographic information systems, a concise 
theoretical and practical analysis of selecting appropriate software and techniques to 
analyse spatial and aspatial data sets.
• detailed exploration of temporal physiographical changes in the Shoalhaven estuary 
since 1822, particularly in relation to the study period of 1970-1996.
• detailed exploration of temporal changes in the shorebird populations surveyed 
between 1970-1996.
• exploration of the correlation between spatio-temporal trends in the entrance channels 
morphology and shorebird populations and spatio-temporal trends in microhabitat 
change and shorebird populations. Development of a generalised model to predict 
future trends in shorebird populations as a function of temporal change in the 
entrance channel morphology, and a discussion on the influence of abiotic factors in 
affecting a littoral avian guild.
• a general discussion of methodologies and techniques for integrating the use of 
remotely sensed data and geographic information systems and to improve our 
understanding of the ecology of shorebird population that utilise the estuarine 
ecosystems.
Chapters 2 and 3 will include;
• an introduction
• descriptions of the physical attributes of the estuary
• descriptions of the shorebird species monitored in this study
Chapters 4 and 5 will include;
• an introduction
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• a literature review synthesising current knowledge and research of the topics 
discussed within those chapters themes.
• the methodologies used to study and analyse the data being investigated.
Chapter 6 will include;
• results sections that detail the findings of the above analyses.
Chapter 7 will include
• a discussion of the results in terms of their relevance to the present research and 
integrated multidisciplinary studies in biogeographical research.
• this will be followed by a list of references cited in the thesis and appendices of raw 
data.
To summarise, this thesis primarily aims to examine;
• the relationship between temporal physical processes and the biotic reaction of five 
shorebird populations with a highly restricted distribution within the Shoalhaven 
estuary.
• whether the physical estuarine environment of the Shoalhaven River alter cyclically 
through time, and if so, is this physical feature measurable using remotely sensed 
data?
• if there is any correlation between observed temporal, cyclic changes in shorebird 
populations and changes in the physical nature of the estuary?
• if a suitable model can be developed using the spatial analytical power of a 
geographic information system (GIS) to predict future trends in the estuaries physical 
properties and shorebird populations of species restricted to the area around 
Comerong Lagoon.
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CHAPTER 2.
Physiography of the Shoalhaven Estuary
2.1 Introduction
The Shoalhaven/Crookhaven River system is situated on the south eastern coast of New 
South Wales and, with a catchment of 7300 sq km (Higginson 1970), is the largest 
coastal stream south of Sydney. The Shoalhaven estuary (Figure 1.1) represents an 
example of a mature barrier estuary, evolving from fluvial and marine sediments 
deposited over the past 6000 years (Chapman et al. 1982, Roy 1984a). Much of the 
southern part of the barrier system is contained within Comerong Island, situated at the 
confluence of the 280 km long Shoalhaven River and the much shorter 15 km 
Crookhaven River.
There is sufficient evidence available from remotely sensed palaeochannel analyses 
(Wright 1970, K.A.White unpublished data), that the Crookhaven River was formerly a 
deltaic arm of the Shoalhaven River. The continuous eastward migration of the lower 
rivers' meander through the Holocene has resulted in the Crookhaven River being cut off 
from the direct river flow on at least three occasions (at Brundee Swamp, O'Keefe Point 
and Comerong Bay - see Roy (1984a,b) and Ponsford et al. 1977 for further discussion). 
More recently, the two rivers flowed unconnected into the Pacific Ocean either side of 
Comerong Island until 1822, when the pioneer Alexander Berry ordered the construction 
of a connecting canal between the two watercourses on the western side of the island 
(Bayley 1975). Initially only six metres wide, the canal has widened, both naturally 
through stream scour and by further anthropogenic activity, so that it is currently some 
200-250 metres wide along its 900 metre length.
In a report into river bank erosion on the lower Shoalhaven (PWD 1988), it was 
suggested that Berry's canal would continue to widen, and more importantly, it was 
pointed out that the canal now takes the main stream flow of the Shoalhaven River out
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through Crookhaven Heads (Figure 2.1)(Wright 1977, Roy 1984a). Indeed, so defunct 
has the upper Crookhaven River become, that during severe flooding, water flows 
upstream and into Brundee Swamp (Pondsford et al. 1977, PWD 1988).
The inevitable loss of stream flow through Shoalhaven Heads results in a heavy shoaling 
of the entrance, and the eventual formation of an extensive barrier dune between the 
township of Shoalhaven Heads and the northern side of Comerong Island. Once formed 
the barrier dune is known to remain in place for several years until floodwaters cause a 
subsequent breach (PWD 1988). The barrier is then scoured and the entrance channel 
opens to the sea. Eventually longshore currents, tidal pumping and aeolian driven sands, 
cause the channel to close and the barrier dune reforms. Historical data recorded over the 
past hundred years, indicates that barrier formation and breaching via flood induced 
events may be cyclic (PWD 1988). This cycle is related to the variability of discharge 
rates in the Shoalhaven River, which range from 0 to 335,000 megalites day'1 with a 
mean of 2,300 (Chapman et al. 1982). Discharge rates are of course related to rainfall 
events throughout the catchment, and flood events within the estuary have been linked to 
the effects of the sunspot cycle (Chapman et a l 1982).
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Figure 2.1. Location o f sites mentioned in text together with stylized water flow (arrows) when the 
Shoalhaven River mouth is closed (A) and open (B). Note that longshore sediment transport along the 
ocean beach is from a north to south direction.
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2.2 Landuse of the study area
On the northern shoreline of the river is the township of Shoalhaven Heads (formerly 
known as Jerry Bailey until 1955, Clarke 1988). Urban development began shaping the 
town in the 1960's, prior to which much of the area was covered with tall open forest 
contiguous with the adjacent Seven Mile Beach National Park. Visual interpretation of 
the 1949 aerial photo (Figure 2.2), suggests that dune vegetation extended south of the 
township for a hundred metres or so along the entrance barrier. The township, which 
would eventually occupy all the land on the northern side of the study area, was at that 
time restricted to a few houses.
Comerong Island makes up the southern shore of the study area. Some 35% of the island 
was cleared by 1949 for agricultural pursuits, with the eastern 65% of the island retaining 
its natural vegetation cover of tall forest with a rainforest understorey and mangrove 
communities around Comerong Bay. In 1986, the eastern and southern portion of 
Comerong Island, including the lagoon and some tidal flats, were declared a Nature 
Reserve (NPWS 1996).
Examination of the 1949 aerial photograph (Figure 2.2A), shows that behind the barrier 
dune on the southern shore is a small shallow lagoon (Comerong Lagoon). The lagoon 
was connected, via a mangrove-lined channel, to Comerong Bay on the southern half of 
the island (Figure 2.1). To the west of the lagoon was a scattering of Swamp Oak 
Casuarina glauca on an obviously sandy substratum. An access road is visible through 
this area running eastward to the small channel. This channel was lined with grey 
mangroves Avcennia marina. On the south western section of the lagoon was an area of 
saltmarsh dominated by sedges, presumably Juncus krausii. The extensive intertidal flats 
and barrier dune extend from the eastern side of the lagoon north to Shoalhaven Heads.
Although the entrance was closed in 1949, there was no evidence of any vegetation 
occurring along the barrier east of the lagoon, north to the Shoalhaven Heads township. 
This area, clearly comprised of supratidal sands from the beach westward over the dunes, 
eventually merging with intertidal sediments around the lagoon and extensive flats.
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An aerial photo of the entrance taken in 1961 (Figure 2.2B), shows an open configuration 
of the estuary, caused initially by extensive flooding in 1958/59. Clearly, the extensive 
intertidal flats have been much reduced, the forested area to the west of the lagoon has 
become more consolidated and dune vegetation has started to invade the remnant barrier 
from the north. These two scenes (Figure 2.2) illustrate the two physiographic phases of 
the estuarine entrance to the Shoalhaven River in an open and closed configuration.
Figure 2.2. Georeferenced aerial photographs o f the Shoalhaven River estuary in 1949 (A, closed) and 
1961 (B, open). The vertical line in each image is the AMG easting 294000, the arbitrary geographic 
boundary used through this study to separate the marine and estuarine habitats (see 2.3). Original photos, 
Land Information Centre, Bathurst.
3 0009 03192466 0
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2.3 Habitats of the study area
For the purpose of this study, seven habitats are identified that will be used to measure
environmental change through time. They are;
1. Marine - water east of the barrier dune. When the entrance is in an open condition 
and an arbitrary boundary is created along the 294000 easting (Figure 2.2).
2. Estuarine - water west of the barrier dune when the entrance is closed and west of 
the 294000 easting (Figure 2.2).
3. Dune vegetation - any vegetation that occurs along the barrier dune through the study 
period north and south of the vegetation line defined in the 1970 image (see chapter 
4). The dune to the west of the lagoon also contains a successional change in dune 
vegetation through time. To simplify the analysis, all the area behind the top of that 
dune has been incorporated into the "other land" class.
4. Supratidal sands - primarily consisting of beach sands along the barrier dune, sands
on the face of the dune west of the lagoon and the beach along the northern river 
shoreline. .
5. Intertidal sands - any sediment that is deemed to be 'wet' sediment via aerial photo 
interpretation (see Chapter 4 for clarification). As most of the aerial photos were 
taken at low tide, an assumption is made in this study that all intertidal sediments 
available for foraging by shorebirds were definable at the time of image capture. 
Although these sediment contain a variable amount of sand, clay and mud within 
their composition (both spatially and temporally), the class name ‘sands’ is used 
throughout this thesis for convenience.
6. Saltmarsh - any habitat that primarily occupies a zone between the intertidal zone 
and dune vegetation, is infrequently inundated with water and that is covered with 
facultative halophyte plants.. This habitat is a successional environment.
7. Other land - this area covers the township on the northern shore as well as 
agricultural land and forested land on the southern shore which has no influence on 
the habitat used by shorebirds.
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2.4 Geomorphology of the study area
The geomorphology of the study area is primarily governed by two abiotic processes, 
floodwaters and coastal marine hydrology. The following explanation of these processes 
has been deduced by personal observation in the study area since 1980, preliminary 
interpretation of the aerial photographic sequence (Figure 2.3) and the analyses of 
Wright (1977), Chapman et al. (1982) and Ponsford et al. (1988). To aid discussion of 
the entrance through time I use a trinomial taxonomy for describing the entrance 
condition:
• open phase - infers the barrier dune is incomplete and includes all time when the 
entrance channel is directly open to the sea.
• closing phase - infers the entrance channel has been reduced to less than 50 metres 
width and is rapidly accreting sands within the channel.
• closed phase - infers the barrier dune has completely cut off the entrance basin from 
the sea and impedes direct marine tidal flow into the basin except occasionally during 
spring tides and storm surges.
When the entrance to the Shoalhaven River is impeded by the barrier dune, all the river 
flow is directed into the Tasman Sea via Berry's Canal and the Crookhaven River. 
Nevertheless, some residual circulation of river flow does occur into the Shoalhaven 
entrance basin (Figure 2.2). This minimal circulation directs sediment within the water 
column to be deposited on the shore of the entrance basin, gradually building the 
extensive intertidal flats. At this time, an extensive seagrass meadow, composed 
primarily of Eel Grass Zostera capricorni can become established within the basin. 
Seagrass has the habit of consolidating the basin sands and enhancing the entrapment 
rates of sediment within the water column. These fluvial sediments are supplemented by 
aeolian driven sands from the beach and barrier dune. Thus the entrance basin in its 
closed phase acts as a sink for sediment transported seawards by the river and circulated 
in the entrance basin by tidal movements, and for sands blown over the dune by aeolian 
processes. In the next several sections I describe the morphology of the barrier dune 
formation, entrance basin and lagoon through the opening and closing cycle. I have 
arbitrarily chosen to commence the description of the cycle immediately following a 
breaching of the barrier dune. ___________________ _______________________
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1970, closed 1974, open
1979, open1977, open
Figure 2.3 Georeferenced aerial photographs used in this study to examine the temporal morphology of the
Shoalhaven River entrance 1970-1996. Georeferencing process described in Chapter 5 and Airphoto sources
detailed in Table 6.3.
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1980, closing 1981, closed
1984, closed 1986, closed
Figure 2.3 continued Georeferenced aerial photographs used in this study to examine the temporal morphology
of the Shoalhaven River entrance 1970-1996. Georeferencing process described in Chapter 5 and Airphoto
sources detailed in Table 6.3.
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1989,open 1991, open
1993 closing 1996 closed
Figure 2.3 continued Georeferenced aerial photographs used in this study to examine the temporal morphology
of the Shoalhaven River entrance 1970-1996. Georeferencing process described in Chapter 5 and Airphoto
sources detailed in Table 6.3.
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2.4,1 Dune formation and destruction
Dune formation begins at the northern and southern extremities of the shores of the newly 
formed entrance channel. Small hummocks of sand begin to form to the north and south of 
the dunes that survive the flood breaching (Figures 2.3, 2.4). Eventually, aeolian derived 
seed allows the establishment of grasses, in particular the Creeping Spinifex Spinifex 
sericens and Coast Couch Zoysia macrantha. Sediments build around these hummocks to 
eventually create small semi-stable dome-shaped dunelets. The dunelets are continuously 
reworked by the wind, gradually building laterally in a north-south configuration, eventually 
joining together to establish elongated dunes up to a metre and a half high. After several 
years of building, a disjunct series of elongated dunes, ranging in height from one to two 
metres, form between Comerong Island and Shoalhaven Heads (Figure 2.4). Once this 
barrier is complete, development of the intertidal flats within the entrance basin is 
accelerated. This fact will be analysed in greater detail later in this thesis.
Figure 2.4. Low dune hummock formation between Comerong Island and Shoalhaven Heads, looking 
north. Note the creeping habit of the grass Spinifex sericens. Photo C.J. Chafer
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Although the barrier dune may grow to be nearly two metres in height across the central 
span, consolidation of the dune by vegetation (other than grasses) is thwarted in the central 
section of the barrier by strong coastal sea breezes from the north-east during summer and 
south-east to west during winter. This has the effect of constantly mobilising the beach 
sands of the dune face, inhibiting permanent vegetation to take hold. Thus, while 
vegetation can and does consolidate the extremities of the barrier dune between breaches, 
the central section appears to be constantly reworked, changing in height as a function of 
aeolian building and erosion.
Along the beach, coastal currents instil a northerly longshore drift, reworking sands that 
were deposited offshore during flood events back on to the beachfront. Wright (1977) and 
Ponsford et a l (1977) suggested that progradation of the beach may occur at up to one 
metre per year during this phase. This point will be analysed later in the thesis. Movement 
of sediment onto the beachfront is enhanced by the deposition of fluvial sediments from 
Crookhaven River at the southern end of Comerong Island (Figure 2.1).
During periods of intense rainfall events in the river catchment, flood levels reach a point 
whereby the barrier dune is overtopped in its central span. Once this occurs, the barrier is 
quickly scoured and the flood mass can cause extensive volumes of sediment from the 
entrance basin to become mobile and subsequently carried offshore to distances of between 
one to two kilometres (Roy 1984b). In the 1988 flood, the Public Works Department 
estimated 250,000 m3 of sediment were removed from the entrance basin, creating an 
entrance channel 100 metres wide and 20 metres deep (PWD 1990).
2.4.2 Morphology of the entrance basin
Once the entrance has been opened by flood waters, the basin is directly affected by marine 
waters. Similarly, river flow is redirected to flow out of both the Crookhaven and 
Shoalhaven entrances (Figure 2.2). Nevertheless, studies by Ponsford et a l (1977) 
demonstrated that even during the open phase of the Shoalhaven River, the ebb tide from 
the Shoalhaven favours exiting out of the Crookhaven. This means that to some extent 
outflow from the Shoalhaven is diverted through the Crookhaven River to create a tidal
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pump within the entrance basin, increasing the flood tide volume into the entrance and 
decreasing the ebb tide volume out of the Shoalhaven entrance. The inevitable result of this 
process, coupled with the characteristic strong onshore sea breeze and longshore drift, is an 
increase in the amount of sediment being re-deposited along the Shoalhaven River 
entrance. Proof of this anomaly can be observed in the temporal sequence of aerial 
photographs taken between 1970 and 1980 and again between 1988 and 1996 (Figure 2.3). 
This process causes the elongated "finger bars" to be formed on both the north and south 
sides of the entrance. As sediment builds on the shores of these "finger bars" the effect of 
the tidal pump, drawing sediment into the entrance, is accelerated and closure of the 
entrance becomes inevitable. The temporal process of closure is not known to be either 
linear or exponential, though personal observation suggests it may be the latter. One of the 
questions being asked in this thesis is whether or not the process is linear.
Upon closure, aeolian processes coupled with longshore drift ensure that building of the 
barrier dune occurs. As the height of the dune increases and seagrass meadows become 
established within the entrance basin, the area of intertidal flats increases. Again, it is not 
presently known whether this is a linear or exponential temporal phenomenon. Thus the 
question of linearity for this process can also be examined within this thesis.
The entrance remains closed for extended periods of time, not being opened again until the 
next major flood event. As stated above, these flood events appear to be cyclic and 
Chapman (1982) suggested a link to sunspot activity. It is also possible that the El Nino- 
Southern Oscillation may be linked to the flood-drought cycle of the river, and this 
possibility will also be examined within this thesis.
2.4.3 Lagoon morphology
In the 1949 and 1961 images (Figure 2.2), Comerong Lagoon was a small feature, however 
by 1974 (Figure 2.3) the lagoon has expanded to near a size that was retained through to 
1997. Through the main study period (1970-1996), water depth in the lagoon was always 
shallow (<lm  at low tide) and water flow occurred southward into Comerong Bay via the 
small channel which was approximately one metre deep (Figure 2.1). A deep hole of
Chapter 2 20
approximately 1.5 metres occurred throughout the study period in the southern half of the 
lagoon. Throughout the closed phase of the entrance, the water quality of the basin and 
lagoon retained a brackish composition (eg. Anderson & Storey 1981). Much of the 
subtidal sediments in the entrance basin were covered during this phase with dense stands 
of Eel Grass and associated macroalgae. As the water became more brackish (salinity 
<15g/L) the Eel Grass may be replaced by Sea Tassel Ruppia megacarpa and prolific 
macroalgae (cf. Yassini & Chafer 1998), and this can attract large numbers of waterbirds to 
the lagoon. As water is circulated around the entrance basin, it entered the lagoon initially 
along the sinuous channel until the flood tide covers the intertidal flat between the western 
lagoon shore and the barrier dune. Circulation of water within the lagoon is clockwise and 
fluvial sediment was deposited along eastern western and northern shores, which have a 
shallow gradient. The southern shore of the lagoon is somewhat steeper and has retained its 
general alignment and position throughout the study period.
Examination of the 1949 aerial photo (Figure 2.2) suggests there was little saltmarsh in the 
entrance basin at that time. Nevertheless, after 1970 saltmarsh had expanded greatly, in 
particular Samphire Sarcocornia quinqueflora, and aided the entrapment of sediment and 
consolidation of the shoreline around the lagoon periphery. The temporal pattern of 
shoreline progradation will be examined later in this thesis (Chapter 6) examining the 
question of linearity through time for the development of the saltmarsh community and 
subsequent decrease in size of the lagoons water area.
2.4.4 Peripheral dune formations
On the western side of the lagoon a small secondary sand dune had formed by 1949 and its 
landward side vegetated with Swamp Oak by 1961 (Figure 2.2). Since 1970, the foredune 
has become vegetated and another smaller dune formed in front of it (Figure 2.3). On the 
northern “finger bar”, a low dune also forms during the closed phase of the entrance, 
indeed it can prograde eastward to join the northern end of the main barrier dune. To the 
north of this bar is another lagoon, which was permanently connected to the entrance 
channel throughout the study period. Its eastern end contains dense stands of seagrass, and 
appears to be infilling. The western end is kept deep by artificial dredging by the local 
Council.
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2.5 Climate of the study area
The Shoalhaven estuary is in an area of temperate Australia that is typified by mild 
winters and hot summers. Weather data for the study area is based on that from a 40+ 
year data set from Nowra (Bureau of Meteorology), situated approximately 10 kilometres 
west of Shoalhaven estuary.
Average daily temperature ranges from 15°C in the cooler winter months to an average of 
25°C in the warmer summer months (Figure 2.5). Rainfall is relatively evenly spread 
through the year, though there is a trend for less rainfall through winter and higher 
rainfall events through late summer and autumn (Figure 2.6). Wind direction is geared 
towards stronger and more frequent onshore winds during the austral summer and 
westerly winds through the austral winter (Figure 2.7).
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Figure 2.5. Mean daily temperature (°C) o f Nowra, NSW. (source NSW Bureau o f Meteorology)
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Figure 2.6. Mean montly rainfall (mm) for Nowra, NSW. (source NSW Bureau o f  Meteorology)
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Figure 2.7. Relative percentage (%) o f monthly wind direction from a northerly to south-easterly 
(onshore), south-easterly to south-westerly and northerly to south-westerly direction, (source NSW Bureau 
o f Meteorology)
2.6 Vegetation of the study area
A comprehensive study of the peripheral vegetation of Comerong Island is available in 
Anderson et al. (1981). Herein I briefly describe vegetation that is found within the 
estuarine component of the study area, i.e. the forested areas greater than five metres 
north and south of the high tide shoreline are not described. The three general vegetation 
communities in the study area are saltmarsh, sedgeland and dune vegetation. Common 
names for plants are taken from Chafer (1997).
Vegetation of the sand dunes is not diverse, with the two grass species described above 
being the most abundant vegetation on the eastern face of the barrier and the newly 
forming dunlets. Another plant that can colonise the forming dunlets is the Pigface 
Carpobrotus glaucescens. Dominant species that form a covering of dunes which do 
become stabilised include Coastal Tea-tree Leptospernum laevigatum, Coastal Banksia 
Banksia integrifolia, Coastal Wattle Acacia sophorae, Coastal Beard-heath Leucopogen 
parviflorus, Strand Sedge Car ex pumila and the Swordgrass Lomandra longifolia.
Around the periphery of the lagoon can be found successional communities that range 
from saltmarsh through sedgelands to swamp oak forest (Figure 2.8). These communities 
are typical of the successional stages of land formation within NSW estuarine
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environments (cf Pidgeon 1940, Mitchell & Adam 1989). The principal species in the 
study areas saltmarsh were Samphire Sarcocornia quinqueflora, Austral Seablite Suaeda 
australis and Saltbush Atriplex australasica. These merge into the sedgeland on 
sediments that are inundated only on spring tides. Dominant species include Creeping 
Brookweed, Samolus repens Pennywort Hydrocotyle bonariensis, Shining Sedge Cyperus 
laevigatus, Sea Rush Juncus krausii and Common Reed Phragmites australis. On the 
highest ground between the lagoon and surrounding dune or forested land is a zone of 
Swamp Oak Casuarina glauca which is occasionally interspersed with Coastal Banksia.
More recently, Grey Mangroves have begun to colonise the lagoon margins, out 
competing the retreating saltmarsh.
Figure 2.8. Saltmarsh development on the western shore of Comerong Lagoon.
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CHAPTER 3.
Shorebirds of the Shoalhaven Estuary
3.1 Introduction
The Shoalhaven estuary is an important site for migratory and nomadic shorebirds, with 
some 37 species from the suborder Charadrii being recorded there since 1976 (Chafer 
1989). A number of regionally (5) and nationally (2) significant shorebird populations occur 
within the Shoalhaven estuary (Chafer 1989, Smith 1991, Watkins 1993), while at least 15 
species are classified as being rare and endangered or threatened by the NSW Threatened 
Species Conservation Act (1995). The estuary’s shorebird population is cumulatively 
regarded as the fourth most important coastal site in NSW after the Hunter, Clarence and 
Richmond River systems, though it the most important coastal site for Double-banded 
Plover and Red-necked Stint (Smith 1991).
The shorebird populations of the Shoalhaven system have been studied since 1976 as part of 
a long-term research program into the ecology and dynamics of this avian guild. Seasonal 
trends in species abundance throughout the estuary and the delineation of important 
foraging and roosting sites was described in Chafer (1989). It is a well established principal 
of shorebird ecology, that the distribution of shorebirds through an estuary is primarily 
governed by two factors, the availability of protected high tide roosting sites with an open 
perspective and a sustainable estuarine invertebrate food supply at low tide (eg. Wolf 1969, 
Bryant 1979, Baird et a l  1985, Piersma 1987, Kalejta & Hockey 1994, Wilson 1994).
In terms of the study area, only Comerong Lagoon and the intertidal flats of the river 
entrance are considered as important foraging sites. Roosting is conducted primarily on the 
northern and eastern sides of the lagoon, in the lee of the entrance barrier dune when the 
entrance is closed and occasionally on the beach. Most foraging is conducted around the 
lagoon periphery and throughout the estuarine intertidal flats. All the species discussed in
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this thesis are primarily restricted to using the habitats around the entrance basin and lagoon 
only.
3.2 Conservation and shorebirds
It is readily acknowledged that there was little recognition for the need to conserve habitat 
for shorebirds in the first 150 years of European occupation of Australia (Lane 1987, 
Watkins 1993). Indeed Goodrick (1970) concluded that up to 60% of coastal wetland 
habitat had been destroyed in NSW by the late 1960’s and much of what was left had been 
degraded by inappropriate human use. Fortunately attitudes have changed over the last 
couple of decades and Australia is now at the forefront of promoting shorebird conservation 
in the Asia-Pacific region (Watkins 1993). This effort is emphasised by the number of 
international, national and State conservation agreements and legislation that exist within 
Australia. These include the Convention on Wetlands of International Importance (Ramsar 
Convention), the Japan-Australia Migratory Bird Agreement (JAMBA), the China-Australia 
Migratory Bird Agreement (CAMBA), the Conservation of Migratory Species of Wild 
Animals (Bonn Convention), NSW State Environmental Protection Policy No. 14 (SEPP 
14, Wetlands), the NSW Threatened Species Conservation Act (1995) and Agenda 21 of 
the Rio Convention.
Unfortunately much of this officialdom is geared towards protecting shorebird species and, 
with the exception of SEPP 14, not their habitat. Nevertheless, the lower Shoalhaven has 
long been considered an important area for shorebirds and much of Comerong Island and 
adjacent intertidal flats were declared a Nature Reserve by the NSW National Parks and 
Wildlife Service in 1986 (NPWS 1996).
Despite this positive recognition of the estuary’s importance, there is little understanding of 
the long term use of shorebirds within the area that was set up to protect them. Although 
Chafer (1989) described the ecology of shorebirds within this estuary over a 12 year period, 
there was little knowledge of how the trends reported in that manuscript fitted in with 
longer term conservation strategies. Indeed, as will be shown later in this thesis, much of
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what was stated in terms of the temporal use of the estuary by shorebirds was subsequently 
found wanting in accuracy and detail.
3.3 Species monitored in this study
Many of the shorebirds that utilise the Shoalhaven estuarine system, roost communally 
around the lagoon on the northern side of Comerong Lagoon (Figure 2.1)(Chafer 1989), 
and five shorebird species are largely restricted to both feeding and roosting in the area 
immediately around the lagoon. These are: Pacific Golden Plover Pluvialis fulva, Red- 
capped Plover Charadrius ruficapillus, Lesser Sand Plover C.mongolus, Double-banded 
Plover C.bicinctus and Red-necked Stint Calidris ruficollis (Chafer 1989). It is the purpose 
of this study to concentrate on the temporal relationship between these five species and 
temporal-physical attributes of the Shoalhaven estuary.
As stated in Chapter 2, the entrance barrier to the Shoalhaven River is periodically breached 
and becomes open to direct marine influence. Closing of the channel is gradual, so that the 
adjacent lagoon area progressively becomes more brackish in nature as the circulation of 
marine waters decreases. One trend that became apparent after the 1988 breach, was that 
shorebird numbers for the above mentioned species, which had been increasing since 1983 
(cf. Chafer 1989), began to decline. This response appeared to be similar to the trend 
observed after the previous breach in 1974. Thus the initial question arose, were these 
apparent trends correlated with temporal geomorphological processes? Preliminary analysis 
indicated that there was a correlation, with species' populations increasing and decreasing 
synchronously with changes in the entrance channel morphology, and so a series of further 
questions evolved to address an overall research question, is there a relationship between 
shorebird population trends and geomorphological processes in the Shoalhaven 
/Crookhaven estuary?
Population dynamics and seasonal occurrence of shorebirds frequenting the 
Shoalhaven/Crookhaven estuary appears in Chafer (1989). That document covers the 12 
year period 1976-1988, and while seasonal trends do not differ between that period and the 
current 25 year study period (1976-1996), temporal patterns of the various shorebird
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populations have differed significantly. As a result, many of the conclusions discussed in 
Chafer (1989) are no longer valid, and may have serious implications on management 
strategies being implemented or considered by National Parks & Wildlife Service. Therefore 
I provide a brief synopsis of each of the five study species being analysed in the present 
research, along with their spatial and temporal distribution through the estuary up to 1988 
(sensu Chafer 1989).
The primary reason for reiterating the findings of Chafer (1989) herein, is to demonstrate 
that conclusions based on even a decade-long study period may subsequently be found 
wanting. This is due to population changes that occurred immediately following the 
publication of that document, the results of which created the imputes to conduct the 
present research. Thus, in order to emphasis the importance of long-term trends in shorebird 
populations at Shoalhaven estuary, one needs to be familiar with what was known prior to 
the current research being instigated.
3.4 Spatial and temporal distributions of shorebirds in the Shoalhaven 
estuary 1976-1988 - a synopsis.
This synopsis discusses data on each species of shorebirds being analysed in the present 
research, namely Red-necked Stint, Pacific Golden Plover, Red-capped Plover, Double­
banded Plover and Lesser Sand Plover . The taxonomy and nomenclature follows Christidis 
& Boles (1994). For each species I describe their breeding distribution, their arrival in the 
Shoalhaven, period of stable population, temporal pattern over the 12 year study period, 
state and national importance of the Shoalhaven population, general diet, foraging 
distribution in the estuary, roosting distribution and a general comment on each species.
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3.4.1 Red-necked Stint Calidris ruficollis
This species is regarded by Watkins (1993) as the most abundant migratory shorebird to 
visit Australia. Breeding across the tundra of Russia, Siberia and Alaska between May and 
July (Hayman et al. 1986, del Hoyo et a l 1996), this species arrives in northern Australia 
by late August (Watkins 1983) and subsequently begins arriving on the Shoalhaven estuary 
by September (Chafer 1989). During the period 1976-1988, the Shoalhaven population 
remained relatively constant from November through early March, with a noticeable 
decrease in late March and April when birds leave for the northern migration (Figure 3.1)., 
the average number of stints occurring on the estuary showed a decreasing population from 
1976/77 to 1980/81, followed by a sharp temporal increase until the end of that study 
period (Figure 3.1).
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Figure 3.1. Mean monthly population (A) and mean summer population (B) of Red-necked Stints at 
Shoalhaven River estuary 1976/77-1987/88.
Chafer (1989) suggested that the Shoalhaven Red-necked Stint population represented 
some 24% of the total NSW population and 0.2% of the Australian population based on 
data available at that time. The subsequent publication of Smith (1991) and Watkins (1993) 
allowed a revision of that data to 13.8% of the NSW population and 0.2% of the Australian 
population. Thus, while the population is important from a State perspective, its national 
role is minor, with the bulk of the stint population migrating to Australia preferring the 
shores of South Australia, Victoria, Tasmania and southern Western Australia.
An invertebrate carnivore, the Red-necked Stint feeds largely on small polychaetes, insect 
larvae and bivalves (Higgins & Davies 1996, del Hoyo et a l 1996). All foraging occurred 
amongst intertidal mud and sand flats (with a preference for the former) within and to the
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north of the lagoon area. When the entrance is closed feeding extends north approximately 
two thirds the length of the bar. No foraging was observed on the northern river shoreline 
or along the ocean beach.
All high tide roosting during the 1976-1988 study period occurred in depressions along the 
ocean beach, adjacent to clumps of samphire around the northern section of Comerong 
Lagoon, and when the entrance is closed, on the lee of small sand crests along the southern 
half of the bar.
3.4.2 Pacific Golden Plover Pluvialis fu lva
The Pacific Golden Plover nests on hillsides and ridges throughout the tundra of Russia, 
Siberia and Alaska from June-July (Hayman et al. 1986, del Hoyo et a l 1996). Arriving in 
northern Australia in late August (Watkins 1993), this species does not normally appear on 
the Shoalhaven estuary until October (Figure 3.2). The population is stable from December 
through March with very little variation through that time. Temporally, the species showed 
a lineal increase in its population from 1980/81 through the end of the study period 
(1987/88)(Figure 3.2), which Chafer (1989) attributed to an expansion of the saltmarsh 
community. Pacific Golden Plover shows a strong preference for this habitat, especially 
where it is dominated by samphire (Chafer 1989, 1991).
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Figure 3.2. Mean monthly population (A) and mean summer population (B) for Pacific Golden Plover at 
Shoalhaven River estuary 1976/77-1987/88.
Chafer (1989) suggested the Shoalhaven population held up to 5% of the Australian 
population and 18% of the NSW population. The subsequent publication of Smith (1991)
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and Watkins (1993) allowed a revision of that data to 13.8% of the NSW population and 
2.8% of the Australian population. Indeed, this species' national and regional population is 
made up of many small discrete populations of 90-300 birds, restricted to specific 
microhabitats of the nations estuarine environments (Watkins 1993, Higgins & Davies 
1996). The Shoalhaven population is the second largest population found in NSW and the 
5th largest population from Australia (Watkins 1993) and therefore represents a significant 
state and national population (Chafer 1989, Smith 1990, Watkins 1993, Higgins & Davies 
1996).
Little is known of the foraging habits of Pacific Golden Plover, though it has recently been 
shown to forage extensively at night on the Clarence and Richmond rivers of NSW (D. 
Rhoweder pers. comm.). During the study period, this species was rarely active diurnally, 
during either high or low tide periods. When foraging was observed, it was restricted to the 
eastern and northern shores of the lagoon where is appeared to feed on seaweed flies (Order 
Diptera: Coelopidae).
Roosting was restricted to the saltmarsh areas on the eastern and north western lagoon 
periphery, with occasional roosting on the lee side of sand crests during the period when the 
river entrance was closed. This species was not recorded from any other section of the 
estuary or the ocean beach through the 12 year study period.
3.4.3 Red-capped Plover Charadrius ruficapillus
The Red-capped Plover is endemic to continental Australia and the island of Timor. This 
species occupies a wide range of habitats in Australia, from estuarine to inland freshwater 
lakes and floodplains (Hayman et a l 1986). It generally breeds from September through 
February (Higgins & Davies 1996), and Watkins (1993) suggests that coastal populations 
increase through summer, followed by inland dispersal through autumn and winter. On the 
Shoalhaven estuary, Chafer (1989) found that the population was seasonally stable from 
February through July, with a marked decrease in the population through spring and early 
summer (Figure3.3). From a temporal perspective, the population showed a decrease from
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1976 to 1980 followed by an increase through the early 1980's, then another decline in the 
latter 1980's (Figure 3.3).
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Figure 3.3. Mean monthly population (A) and mean summer population (B) of Red-capped Plovers at 
Shoalhaven River estuary 1976/77-1987/88.
Chafer (1989) found that the larger population recorded from the Shoalhaven represented 
0.5% of the Australian and 2.2% of the NSW population. The subsequent publication of 
Smith (1991) and Watkins (1993) allowed a revision of that data to 0.2% and 1.4% of the 
Australian and NSW populations respectively, though it is significantly greater than Red- 
capped Plover populations on any other NSW estuary (Smith 1991). In NSW the greatest 
proportion of the Red-capped Plover population is centred around the inland lakes and 
overflow channels of the Darling River catchment (Watkins 1993).
An invertebrate carnivore, the Red-capped Plover forages on small Dipteran larvae, 
polychaetes and molluscs along the intertidal shore of Comerong Lagoon and the southern 
river shore. During periods when the entrance was closed, the plover foraged almost to the 
northern shore, though it was never observed along the northern shore. During most 
summers two to four pairs of Red-capped Plover were recorded breeding around the 
periphery of the northern lagoon.
All high tide roosting occurred along the north-western shore of the lagoon adjacent to the 
saltmarsh, or in depressions along the beachfront and behind the lee of sand crests along the 
barrier bar. Although occasionally recorded in small numbers (<20) from the intertidal flats 
at Old Man and Numbaa Islands and on Lake Wollumboola (Figure 1.1), 90% of the 
population was restricted to using the Shoalhaven entrance for roosting and foraging 
activities through the 12 year study period.
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3.4.4 Double-banded Plover Charadrius bicinctus
The majority of the Double-banded Plover population breeds from August through 
February on the south island of New Zealand and migrates to the north island of New 
Zealand and south eastern Australia during the austral winter (Hayman et al. 1986). Many 
juvenile Double-banded Plover arrive in Australia in February before the main adult 
population arrives in March and April (Figure 3.4). The population remains stable through 
the austral autumn and early winter with a rapid decline in late August / early September 
(Figure 3.4). The was a lineal increase in the Shoalhaven Double-banded Plover population 
through the 12 year study period. Indeed there was a three fold increase in the population 
for the last three years of the study period compared to the first three years.
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Figure 3.4. Mean monthly population (A) and mean winter population (B) of Double-banded Plover at 
Shoalhaven River estuary 1977-1988.
Chafer (1989), using data available at that time, estimated the Shoalhaven Double-banded 
Plover population represented 47% of the NSW and 3 8% of the Australian populations 
respectively. The subsequent publication of Smith (1991) and Watkins (1993) allowed a 
revision of that data to 8.6% of the NSW population and 0.8% of the Australian population. 
Nevertheless, the Shoalhaven population is the largest estuarine population in NSW, with 
80% of the population occurring in Tasmania, Victoria and South Australia.
Double-banded Plover forage on a variety of intertidal invertebrates (Higgins & Davies 
1996). On the Shoalhaven, this species is restricted to foraging around the periphery of the 
lagoon and along the intertidal flats southern entrance. When the entrance is closed the 
species was found right along the western margin of the barrier bars' shore, but not the
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northern river shore. No foraging was observed along the ocean beach, however the species 
occasionally moves to forage on the mud flats at Old Man Island. A few birds occur 
annually at the entrance to Lake Wollumboola .
High tide roosting occurs in depressions along the ocean beach, adjacent to samphire 
patches around the lagoon periphery and on the lee side of sand crests.
3.4.5 Lesser Sand Plover Charadrius mongolus
The Lesser Sand Plover breeds above 5500 metres in western China and Mongolia, and 
along coastal dunes and shingle beds of eastern Siberia (Hayman et a l 1986, del Hoyo et al. 
1996). It is birds from the latter breeding area (subspecies mongolus) that have been 
recorded from the Shoalhaven estuary (Chafer 1989), arriving in this area in September and 
remaining until the following March (Figure 3.5). The species showed a clear decline in 
population through the 12 year study period (Figure 3.5), a situation contemporaneous with 
the decline of other NSW populations (Smith 1991) and resulted in this species being given 
formal protection as an endangered species in the NSW National Parks & Wildlife Service 
(Threatened Species Act 1995).
B
Figure 3.5. Mean seasonal population (A) and mean summer population (B) of Lesser Sand Plover at 
Shoalhaven River estuary 1976/77-87/88.
Chafer (1989) did not estimate this species relative population value. The subsequent 
publication of Smith (1991) and Watkins (1993) allows an estimate of the mean population 
(53 ±11 SEM) to infer the population represented 3.7% of the NSW and 0.3% of the 
Australian populations respectively. In NSW the bulk of the population occurs along the
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Hunter, Richmond and Clarence River estuaries, while over 70% of the national population 
is found along coastal Queensland (Watkins 1993).
An invertebrate carnivore, the Lesser Sand Plover specialises in feeding on polychaetes and 
crustaceans (del Hoyo et al. 1996). During the 12 year study period, all Mongolian Plovers 
fed along the exposed intertidal flats of the river entrance and occasionally the ocean beach 
shore. Very little foraging occurred within the lagoon environs.
All roosting occurred either in depressions along the ocean beach or on the lee side of sand 
crests along the length of the barrier bar. During the 12 year study period this species was 
only recorded from the entrance environs, however the large scale variance in the 
population through each season does not allow any definitive conclusions to be made on the 
absolute distribution of the species at this location.
The data collected by Chafer (1989) and synthesised above, allowed future investigations of 
the estuary’s shorebird populations to be streamlined. Specifically, it demonstrated that 
further counts during the autumn and spring migration periods would add little new 
information to that already collected for seasonal trends. Winter visitors (Double-banded 
Plover) were most abundant between late April and July, while summer visitors (Pacific 
Golden Plover, Lesser Sand Plover, Red-necked Stint) were most abundant between late 
December and March. Red-capped Plover were most stable between March and July. Using 
that information I decided in 1989 that future wader counts on the estuary would be 
conducted three times between January and March and three times between May and July. 
Thus shorebird counts conducted since 1989 have followed this refined design.
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4.1 Introduction
As stated in Chapter 1, the study of temporal trends in shorebird populations is an important 
component of shorebird and estuarine conservation. Because birds are a highly visual 
component of the estuarine biota, and monitoring techniques are relatively simple to 
employ, data recorded from long-term studies may be used to infer the general biological 
health of the estuary. Provided the researcher has a reasonable knowledge of shorebird 
identification, locating and monitoring sites used by shorebirds within an estuary is relatively 
simple. At high tide, shorebirds habitually gather at regular roost sites where all the birds 
present can be adequately censused with the aid of a small spotting scope or binoculars. At 
low tide, birds generally forage in areas of the estuary that support a rich benthic 
invertebrate fauna and can also be adequately censused. Once the researcher has conducted 
several preliminary surveys of an estuary to determine popular roosting and foraging sites, a 
systematic survey methodology can be determined that allows reasonable coverage of either 
the foraging or roosting areas. It is somewhat more difficult to survey both foraging and 
roosting sites on the same day, as these may be separated by considerable distances, 
depending on the physiography of the estuary. For the shorebird species being investigated 
in this study, both roosting and foraging sites were adjacent to one another, making 
evaluation of the total population somewhat easier. Chafer (1989) discussed the 
methodology used to assess the whole estuarine shorebird population and this will not be 
repeated here. Below I only describe the method used to collect data for the five species 
being used in this study.
In order to gain an insight into the usefulness of temporal population studies into 
shorebirds, I first review the literature, discussing accounts of long-term studies in Australia 
and throughout the globe. This is followed by brief discussion on the survey methods used 
in this study and then the statistical methods that were employed to examine temporal 
trends of the five species’ populations.
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4.2 Literature Review of Temporal Shorebird Research in Australia
In this section I review the literature of temporal studies in shorebird populations. An 
emphasis is placed on studies that have attempted to employ some association between 
shorebird populations and their habitat, and for Australian studies which may contribute to 
knowledge of changes in shorebird populations.
4.2.1 Why measure shorebird populations over time in Australia
Barter (1993) described a succinct, if not depressing, state of affairs for habitat evaluation 
along the western Pacific flyway (the passage used by migrating shorebirds between 
northern Asia and Australia). Destruction of mangrove and mudflats is rife through south­
east Asia and will undoubtedly affect shorebird populations reaching Australia in the years 
to come. Similarly, Bamford (1992) discussed the impact of predation by humans in south­
east Asia on shorebirds. Together, the conclusion reached by these two papers suggests 
that annual recruitment rate of species may not be sufficient to make up for predation over 
the long-term, while habitat destruction will obviously cause extra stress on migrating birds 
seeking "re-fuelling" centres. Baillie (1990) describes an integrated approach to studying 
long-term changes in shorebird populations. He states that data from a period of at least 20 
years is required in order to:
i. distinguish natural and non-natural changes in population sizes.
ii. provide data that will identify the cause of population change in any part of their range.
iii. identify the stage in the annual life cycle where significant change is occurring.
iv. establish thresholds for action.
There are few studies in Australia that have been operational for a 20 year period, and as 
will be shown later with data from the Shoalhaven, data from 8-12 years can be analysed 
incorrectly if the impacts of a complete environmental cycle are not included in the data set.
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Thus the study of long-term population trends is clearly an important precedent to 
determining conservation requirements for shorebird populations. Several temporal studies 
in shorebird populations have been published in the Australian literature:
4.2.2 A 25 year record from Tasmania
Patterson (1989) provided a brief 25 year summary of shorebird research on intertidal flats 
around Hobart, Tasmania. He summarised trends in three shorebird species but offered no 
explanation on the temporal patterns observed except to say that such relationships needs to 
be identified.
4.2.3 A Decline in Eastern Curlew from South Australia and Tasmania
Close & Newman (1984) discussed an alleged decline in the Eastern Curlew from South 
Australia and Tasmania. For the South Australian area, they used several unconnected 
assessments of the species abundance in that state from the 1930's till 1983-2. Most of the 
data is anecdotal. Whilst a decline is possible, an alternative hypothesis of the anecdotal 
reports merely reporting unusually large concentrations of this species were not explored. 
For Tasmania the 30 year data set is more complete and an attempt at measuring population 
means, rather than maximums is presented. Nevertheless, the data suggests a decline which 
the authors attribute to either a fall in the total population, or alteration to the range being 
used by Eastern Curlew in the austral summer. The authors claim that land reclamation in 
South Australia has had a serious detrimental affect on the species' habitat and that pollution 
in the Derwent River in Tasmania has affected the population around Hobart. They go on to 
note that the entire Tasmanian and South Australian populations represent only 8% of the 
Australian population, but offer no real tangible evidence for why a decline may have 
occurred, or if it is simply part of a longer term pattern.
4.2.4 Populations from Albany, Western Australia
Smith (1993), discussed shorebird populations from two discrete areas near Albany, 
Western Australia over a seven year period 1986/86-1991/92. He briefly described the
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effect of heavy metal contamination and toxic algal blooms on the intertidal environments of
this area. Surprisingly there has been little fluctuation in the total number of shorebirds 
frequenting the two areas through the study period, though details of individual species 
fluctuations are lacking in the article.
4.2.5 Populations from the Swan River, Western Australia
Bailey & Creed (1993) discussed a 20 year record of shorebirds found roosting at Pelican 
Point, on the Swan River estuary, Western Australia. A total of 23 species were recorded 
from Pelican Point between 1971-1991. Of these only 10 species were observed frequently 
enough to allow temporal analysis. Unfortunately the paper does not discuss number of 
birds observed, but rather how many weeks per season at least one individual was observed 
at the roost. Nor is there any explanation of why two ten year statistical periods were used, 
or justify why the 7-test statistic was used to describe differences in the two periods into 
which the data is divided. Although the data presented is useful for elucidating seasonal 
trends in shorebird occurrence, it does not allow any sort of analysis on changing 
frequencies of species through that period. Nevertheless, the authors claim that a significant 
change in seven species has occurred through the 20 year period. They also note significant 
changes in the roost site environment, but fail to assess how these changes may have 
affected the inferred changes in shorebird populations observed.
4.2.6 Populations from Swan Bay, Victoria
Barter (1992) examined changing shorebird populations in Swan Bay, Victoria over a 10 
year period from 1983-1992. He provided a graphical analysis of change in 10 species from 
roosting sites in the Swan Bay area. Overall, a fall in the total number of shorebirds from 
12,000 to 7,000 individuals was observed through the study period. This area is also a 
major catching and banding station for the Victorian Wader Study Groups and the author 
attempted to correlate population trends with ageing data collected from the banding 
studies. He found no obvious patterns between these factors, nor could he find any increase 
in counts at other nearby roost sites which might infer a movement away from a site where 
they are regularly disturbed for the banding studies. Although the author noted significant
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changes in the physical environments around the major roosting areas through the study 
period, no attempt was made to correlate the area available for roosting or feeding with the 
species' populations. Indeed the author proposed the alternate hypothesis that declines may 
have been due to smaller wader species preferring inland ephemeral wetlands along Coopers 
Creek, which became available in the latter study period. In his final summary, Barter 
suggested that the most likely cause for changes shorebird numbers was due to "increased 
mortality or long-term cyclical change", though no data appear to qualify this statement.
4.2.7 Populations from Andersons Inlet, Victoria
Lane (1992) and Campbell (1992) discussed the impact of growth in the area of an 
introduced grass Spartina anglica through a high tide roosting area available to shorebirds 
at Andersons Inlet, Victoria. They used survey data recorded from 1981-1985 and 
compared it to an initial post-impact survey conducted in 1992. Their data is confusing with 
radical differences in the inter-summer populations for the main species using the three 
roost sites in the Inlet during the 1980's surveys. No detail or explanation is provided as to 
why these variations may have occurred, or how they may affect any conclusions of the 
proposed four year post-impact study period. Rather Campbell (1992) concentrates on the 
spatial distribution of the 1992 counts and alleged impact of the grass, which is apparently 
rampant at two of three roost sites.
Lane (1992) used data from studies in Britain to illustrate the point that the spread of the 
grass through the intertidal and supratidal areas of Andersons Inlet will probably affect the 
trophic interactions of the substrate and invertebrate populations. These data from two 
British estuaries (Davis & Moss 1984, Millard & Evans 1984) clearly show that the spread 
of the grass changed the sediment composition and subsequently the invertebrate population 
within the sediment. As shorebird distribution is directly linked to food supply and roost site 
availability, the resultant decline by up to 90% of the shorebird populations at those 
estuaries was not unexpected. The author concluded by suggesting that a similar decline in 
shorebirds at Andersons Inlet could be expected if actions are not taken to limit the spread 
of the invasive grass.
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4.2.8 Populations from Western Port Bay, Victoria.
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Dann et a l  (1994) discused temporal variation in shorebird populations through Western 
Port Bay, Victoria, 1974-1983. Their study consisted of simultaneous monthly counts at all 
major high tide roost sites (23) through the bay. They showed that annual mean populations 
for 20 species varied widely over the 10 year study period. The authors claimed that some 
of this variation was possibly due to factors occurring away from Western Port during 
migration and on the breeding grounds. However they also point out that a significant 
ecological change occurred in the bay during the study period. Seagrass cover declined by 
70% between 1974 and 1983 (Bulthuis et a l  1984). This was believed to have brought 
about a radical change in the productivity of the intertidal system through the study period. 
Initially secondary productivity would have increased through a higher incidence of detritus 
being available due to the death of the seagrass beds. Invertebrate populations would 
therefore have been initially high to accommodate the assimilation of the detritus. As 
seagrass beds decreased in size, detritus would also decrease, followed by a reduction in 
benthic invertebrate production and finally predator reduction. Reduction in shorebird 
populations was most noticeable in the smaller plover species (Charadrius spp.), and some 
transequatorial migrants. A few species showed little or no variation in populations using 
the bay through the study period. The authors concluded by stating that although some 
species may have been affected by increased human disturbance, the large scale ecosystem 
change caused by seagrass bed reduction is the most likely cause, and that subsequent 
attempts by land managers to address this problem may result in a return to "normal" of 
some shorebird species.
4.2.9 Populations from Botany Bay, NSW
Pegler (1997) summarised the temporal trends of shorebirds in Botany since the 1950’s. 
Botany Bay has had a number of individuals and groups conducting shorebird studies since 
1946. She discussed the difficulties of assessing a large area such as Botany Bay and the 
various attempts that have been made to illustrate the importance of this site to shorebirds. 
She drew together all the published and unpublished data available on shorebirds from 
Botany Bay and discussed the changes in shorebirds that have occurred, and the reasons for 
those changes. Principally she concluded that smaller shorebirds which feed primarily on
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surface invertebrates (the peckers) have declined considerably in abundance. Larger
shorebirds (probers) have either retained a steady population state or increased in 
abundance. Reasons for the decline in smaller species is linked directly to loss of muddy 
habitat and saltmarsh on the western and northern shores of the bay. This includes the 
artificial movement of the entrance to Cooks River by over a kilometre in 1951, 
construction of the first airport runway extension in the late 1960’s, its lengthening in 1970, 
construction of the Port Botany Rd in 1978 and the construction of the second runway in 
1994. No analysis of how much wetland was removed during these phases of urban and 
industrial expansion is given, nor is any statistical analysis attempted. The southern half of 
the bay has not been directly affected by development, however dredging of the bay in the 
1970’s altered wave action within the estuary and several sandy areas of shorebird habitat 
have been significantly altered by erosion since that time. Another major impact in shorebird 
populations is recreational activities that cause considerable disturbance to high tide roost 
sites in particular.
4.3 Temporal studies in shorebird population from around the world
In this section I review temporal studies of shorebird populations from Europe, North 
America and South Africa.
4.3.1 Populations from the Firth of Forth, Scotland
Bryant (1987) discussed reasons for population declines on the Firth of Forth in Scotland 
between 1971/72 to 1985/86, with historical reference to periodic observations and 
population estimates dating to the mid 19th century. Up to 60,000 shorebirds use this 
estuarine system during the boreal winter, with migrants coming from Canada, Scandinavia 
and eastern Russia. The author also discussed a general decline in waterfowl in this system, 
but I will restrict this synopsis to shorebirds. The author used several references to conclude 
that winter distribution of shorebirds in this estuary is a direct function of the availability 
and productivity of preferred invertebrate prey and availability of secure roosting sites in 
any one season. He provided detailed referencing to studies on shorebird diet within the 
estuary and demonstrated that predation of invertebrates at several discrete sites accounted 
for 24% of annual invertebrate productivity and 49% of the standing crop. He also showed
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that significant declines in several shorebird species since the late 70's were correlated with 
mudflat reclamation at several sites. Furthermore he used national shorebird population 
changes to demonstrate the change was significantly different to changes elsewhere. In 
addition to this conclusion he also used the results of Campbell (1978), who identified crude 
oil pollution, toxic chemical spills, other industrial activity and reclamation to explain 
declines in waterbird population through the estuary. Thus, although the author accounts 
for a lineal decline of 20,000+ shorebirds over an eight year period, and interprets this as 
being due to human-induced abiotic and biotic alterations in habitat and invertebrate 
populations, none of the changes (except for the bird populations) was quantified to any 
degree. This last point was stressed by the author as being a crucial step in elucidating 
further the timing of biotic and abiotic change within the estuary.
4.3.2 Population changes on the Clyde estuary, Scotland.
Furness et a l  (1986) discussed a decline in shorebird populations from the Clyde River 
estuary, Scotland, from 1973/74 to 1984/85. Like the analyses of Bryant (4.3.1) they 
compared local population changes with the national trend to make their conclusions more 
conservative. Nevertheless, significant declines were noted for at least three species through 
the study period. They showed that none of the high tide roosting sites changed physically, 
and little habitat alteration occurred through the study period. Although some disturbance 
of roost sites occurred, they were not considered likely to account for the 60-85% 
population declines observed in a short period through the latter 1970's. In discussing biotic 
factors affecting shorebird population changes, the authors pointed out that the amphipod 
Corophium volutator and the polychaete Neris diversicolor are the major prey species (in 
the UK) of the three shorebird species to have declined by greater than 60% through the 
study period. The authors demonstrated that changes in the way sewerage is discharged into 
the estuary has radically altered the ratio of biochemical oxygen demand and dissolved 
oxygen available in the estuary. This change has been so radical that benthic invertebrate 
species diversity has increased 12 fold since 1967, and estuarine fish populations, 
particularly Flounder Platichthys Jlesus, increased from being not present to being 
extremely common. Both of the preferred invertebrate prey mentioned above are found in 
areas with a reduced dissolved oxygen content and enriched substratum. Similarly, both C.
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volutator and N. diversicolor are preferred food of the Flounder and other flatfish (order 
Heterosomata). Populations of these two invertebrates have declined abruptly with changes 
in effluent disposal and increased Flounder (and other fish) populations in the estuary. Thus, 
improvement of the estuaries overall health appears to have contributed significantly to a 
rapid decline in shorebird species reliant on a specific food resource. Indeed Baird & Milne 
(1981) found in the Ythan estuary, that competition for the same invertebrate prey species 
accounted for 54% of the total estuarine energy transfer.
4.33 Temporal population changes on the Tees estuary, England.
Evans & Pienowski (1984) examined the effects of habitat reduction through land 
reclamation on shorebird populations in the Tees estuary from 1969 to 1977. They were 
able to gather data on seven principal shorebird species prior to reclamation between the 
winters of 1969/70 and 1972/73 and compare them with data for the same species after 
reclamation, 1974/75 to 1976/77. The area reclaimed was approximated 60% of the 
intertidal flats available and this concomitantly reduced the amount of exposure of the flats 
by some 30%. Before reclamation took place, they published their predictions on the likely 
effect of the (then) proposed reclamation. They used knowledge gained from long-term 
research on shorebird ecology in the Tees and elsewhere to predict the effects habitat loss 
would have on each of the seven species. Their results were unequivocal in supporting their 
predictions. Six of the seven species showed the 40-70% reductions in populations they had 
predicted. Indeed three species were reduced by >90%. The seventh species (Dunlin 
Calidris alpina) did not show any marked reduction, as its preferred habitat and was not 
greatly affected during the works. Another major finding was there was no real alteration in 
seasonal patterns of the birds using the estuary, or on in the number of individuals using the 
estuary.
4.3.4 Temporal variation in Red Knot on the Dutch Wadden Sea
The population ecology of Red Knot has been studied in the Dutch Wadden Sea 
(Netherlands) for many decades (Boere & Smit 1983, Zwarts et al. 1992 and references 
therein). Zwarts et a l  (1992) studied a sub population of this species that occurs along an
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eight kilometre stretch of the Frisian coast of the Dutch Wadden Sea. In this area, Knot are 
regular inhabitants between June and August before heading south on migration to Africa. 
The authors conducted detailed natural experiments from 1977 to 1986 that included 
benthic invertebrate sampling, reconstruction of diet from faeces, catching and weighing 
Knot, regular counts of Knot, sampling for invertebrate reproductive effort and calculating 
impact of foraging on the invertebrate population. Their results are unequivocal in 
determining that Knot populations correlate highly with the amount of food available each 
winter, and that Knot reduce populations of preferred prey before moving south on 
migration. They also demonstrated that Knot only fed in sites where prey populations were 
above a critical biomass ((4g ash-free dry weight m'2).
4.3.5 Temporal variation in shorebirds in the Oosterschelde
Lambeck et a l  (1989) provide a rigorous discussion on the temporal changes in shorebird 
populations in the northern Oosteschelde, south west Netherlands, from 1964/65 to 
1978/79. This study is the only other published research I could find which describes the 
effects of a closing estuary on shorebirds. After a severe storm event in 1953, the Dutch 
government implemented a long-term engineering scheme which would limit the effects of 
storms in the North Sea on the complex Rhine-Meuse-Scheldt River delta. This plan 
involved the barraging of several estuaries to limit tidal flow, effectively turning three 
estuaries into freshwater, saline and brackish lakes. The largest estuary, the Oosterschelde, 
remained tidal, however the construction of an 8km long storm-surge barrier has caused the 
loss of 35% of the intertidal flats previously available.
Prior to 1971, one of the closed estuaries, Grevelingen, supported over 50,000 shorebirds 
on 55 km2 of intertidal flats. Wolfe* a l (1976) demonstrated that the closure of this estuary 
and subsequent damming of its waters resulted in the loss of 95% of the shorebird 
population from this estuary. Lambeck et a l  (1989) discussed changes in six shorebird 
species populations of the nearby Roggenplaat estuary (10 km south of Grevelingen) 
through the closing stages of the Grevelingen. Their results clearly showed that two species, 
European Oystercatcher and Bar-tailed Godwit increased immediately after the estuaries 
closure and populations increased on the Roggenplaat steadily since then. Recapture of
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birds banded on the Grevelingen after its closure provides additional evidence of a simple 
population transfer from one area to the another. Dunlin and European Curlew show a 
similar, though less significant temporal increase, while Red Knot, Common Redshank and 
Grey Plover showed no clear trend through the study period and Ruddy Turnstone showed 
a decline. Further analysis of the data into seasonal trends indicates that the Roggenplaat 
became much more important to shorebirds in autumn after the Grevelingen estuary closure 
of 1971. Furthermore, the authors suggest that the "carrying capacity" (Goss-Custard 1985) 
of the Roggenplaat was not being fully exploited by shorebirds prior to 1971, and that the 
upper carrying limits for several shorebird species were reached after the 1971 event. This 
finding was partially discussed in relation to the recent loss of a further 35% of the intertidal 
flats in the Oosteschelde since 1987.
4.3.6 Further research on the Oosterschelde
The works described above in the northern Oostescheldee estuary were only the begining of 
more substantial engineering works nearer its oceanic entrance. Between 1982 and 1987 a 
further two dams and a storm surge barrier were constructed in the estuary. Research was 
commissioned into a wide variety of natural resource studies during this second phase of 
work in the estuary. The before and after effects on the estuarine ecosystem is detailed in 
Nienhuis & Smaal (1994), however I restrict my discussion to two papers within that 
compendium that deal with temporal shorebird populations (Schekkerman et al. 1994, 
Meir ee ta l. 1994).
The Oosterschelde delta is quite large, with some 170 km2 of intertidal flats mapped prior to 
the construction of the storm surge barrier in 1982-86. This construction greatly reduced 
tidal exchange within the estuary, which was partially rectified in 1987 after the 
construction of two compartmentation dams which reduced the volume of water 
accommodated by the estuary. The area behind these dams became freshwater lakes and 
reduced the area o f intertidal flats by some 50 km2. A further 6km2 of flats within the 
remaining tidal part of the Oosterschelde was lost due to lower tidal amplitude. Thus only 
114 km2 of intertidal flats remain. Comparisons between pre and post-engineering works
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were based on waterbird counts conducted for five seasons (1978/79 to 1982/83) and three 
seasons (1987/88-1989/90).
Their results show that there was a significant decline in species dependant on intertidal 
food stock, both in total numbers and in densities, though the effect varied between species. 
Nevertheless for the 13 main shorebird species there was a 6% to 60% reduction in 
population sizes between the two study periods for winter and autumn. Most effected were 
the small shorebird species, the most probably reason for this being that the reduction in 
tidal amplitude resulted in less area being affected by the ebb and flow of average tides. It 
was found that species numbers in the area not directly affected by the engineering works 
did not increase in the post barrier construction period. That implied that shorebirds in the 
areas where the dams were constructed were entirely displaced from the estuary. The 
authors also found that there was little variation in the amount of benthic food stock 
consumed in the before and after study periods (30% and 37% standing stock biomass). The 
results of this study suggested that the carrying capacity of the estuary was in equilibrium in 
the pre- construction period. It remained so in the post-construction study period, implying 
that shorebird carrying capacity was maintained and that "excess" birds were forced to leave 
the area entirely.
4.3.7 Temporal abundance in shorebirds in the Wilderness-Sedgefield Lakes area of 
South Africa.
Boshofif et a l  (1991) discuss the temporal and spatial effects of environmental changes in 
the Wilderness-Sedgefield Lakes complex (hereafter WSLC) in southern Cape Province, 
South Africa. Shorebirds from 16 species were surveyed on a monthly basis between 1980 
and 1983. In conjunction with this research, various environmental parameters such as 
water level and transparency, rainfall and biomass of aquatic macrophytes were also 
recorded. Their results show a strong correlation between shorebird numbers and several 
environmental variables recorded for the lake complex. In particular, catchment rainfall and 
the open/closed nature of two estuaries that drain the lake complex have an intuitive 
influence on waterlevels in the lake system. These factors in turn govern the spatial 
distribution and area of available muddy/sandy shore and the density and abundance of
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macrophytes. Other studies by Davies (1982) demonstrated that marked decreases in
macrophyte density led directly to a loss o f benthic invertebrate production. This in turn 
leads to a reduction of available food for benthic invertebrate consumers such as fish and 
wading birds. Annual rainfall fell well below the long-term mean in the early part of the 
research by Boshoff et a l  (1991), macrophyte production fell markedly and the Swartvlei 
estuary became a closed system. Heavy rains, followed by flooding in 1981 and 1982 
allowed the conditions needed for the macrophyte beds to recover. Of the 15 shorebird 
species, 10 were transequatorial palaeoarctic migrants and preferred the tidal Swartvlei lake 
and estuary within the WSLC, which contained extensive mud/sand flats and littoral 
saltmarsh. These 13 species all showed a similar trend in response to environmental 
conditions in the estuary, namely least abundant in drier years of 1980 and 1981, with 
increasing populations after 1981. The major problem with Boshoff et aV s (1991) work is 
the statistical reporting of annual means using the calendar year rather than an austral (June- 
June) cycle which would have better described the cyclic pattern of transequatorial and 
endemic migrants. Examination of the seasonal graphs provided in Boshoff et a l  (1991), 
provide these missing data, and generally show the same trend. Although the text is brief, it 
is clear that water level within the lake system and the entrance condition of the Swartvlei 
estuary (open/closed) are instrumental in governing migratory shorebird populations that 
visit this location. Four of the five endemic shorebirds also showed a strong correlation to 
water levels and estuary entrance condition. The exception was the Blacksmith Plover 
Vanellus miles, which like most of its conspecifics, prefers short grassland environments 
which were generally present throughout the study period around the lakes (Boshoff et al. 
1991).
4.3.8 Temporal trends in North American shorebird populations
Howe et a l  (1989) discuss the first decade of results (1975-1984) from the International 
Shorebird Survey (ISS), a program designed to monitor migratory shorebird populations 
throughout eastern North America. The aims and methodology of the ISS are clearly laid 
out and reasons for including or excluding species or sampling sites given. They present 
results of trend analysis for 12 shorebird species, concluding that significant population 
decline occurred for at least three, and possibly a fourth species. Statistical analysis of the 
data and problems associated with their trend analysis are rigorously assessed. Although no
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ecological reasoning could be discerned from the observed trend, the study does allow a
positive criticism of analysing temporal trends Over a biogeographic region to be validated.
4.4 Discussion on temporal shorebird studies
The above examples from Australia indicate the gap that exists in our understanding of 
shorebird ecology within Australia. Although a number of authors in the above reviews 
suggest that abiotic and biotic change through human-induced environmental modification is 
a likely cause for observed shorebird declines, none of the studies reviewed were able to 
provide quantitative analyses of that change. This is in sharp contrast to the examples 
available from elsewhere in the world, where considerable evidence, whether qualitative or 
quantitative were used to clearly illustrate reasons for the observed change in shorebird 
populations. Nevertheless, there is sufficient qualitative evidence to allow a loose 
relationship between change in biotic variables, whether artificially induced or of natural 
occurrence to show that change certainly occurs on many estuaries throughout the world. 
The data presented above would tend to favour Baillie’s (1990) first point, that a 20 year 
period is required to check for natural fluctuations in the flyway and local populations, and 
that in order to elucidate reasons for changes, one has to be aware of national population 
trends, an index of success of each boreal breeding season, and a constant monitoring of 
local abiotic and biotic conditions.
To this end, studies in Australia have been poor, with little or no qualitative recognition of 
the importance of measuring local habitat change, and very few studies that have looked at 
diet across a suite of species through time. Although the Australasian Wader Studies Group 
(AWSG) has been conducting temporal studies in selected estuaries since 1983 (Alcock 
1994), analysis of this data is poor, and largely confined to seasonal and latitudinal variation 
rather than temporal analysis of particular sites. This of course is a function of maintaining 
the interest of volunteers to survey estuaries over a long time period, often leading to 
irregular data gathering, and poor analysis of the data. The results of the temporal data that 
is used from this data set is also subjective. Most of the data used in discussing temporal 
issues (eg Lane 1987) are restricted to using data sets collected from a simultaneous single 
high tide collection date in February each year. I have shown elsewhere (Chafer 1995) that
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describing estuarine populations from such a sampling regime critically underestimates the 
real population present at any one time. Even collecting data from several dates within the 
stable period of January - March (for palaearctic migrants) can result in a great deal of 
variation, while collecting data from large estuaries such as the Clarence River (cf. Chafer 
1995) requires a collective effort by many individuals. Similarly this count day is often 
associated with spring tides which are capable of causing regular high tide roosts to be 
abandoned (personel observation) for marginal roosts that are only used for a few hours of 
a few days during the period of equinoctial spring tides. Lawler (1995) is also critical of 
single high tide counts and emphasises the need for conducting a sampling strategy that 
adequately covers all microhabitats within an estuary in both high and low tides. Thus, while 
Furness et a l  (1986) and Bryant (1987) were able to compare their results with national 
and regional totals, to do so for Australian estuaries using the AWSG data may potentially 
lead to incorrect conclusions.
4.5 Survey methods of the present study
The five shorebird species being examined in this study were generally restricted to using 
the Shoalhaven entrance basin and Comerong Lagoon. Surveys of the study area was 
generally confined to examining the site at high tide, though some additional survey work 
was carried out if populations of one of more species were not located. Once birds had 
assembled at high tide roost sites, it was a simple matter of counting every individual within 
the roost. This could be completed from one or two vantage points. During low tide counts, 
birds were generally dispersed evenly along the receding or incoming tide line, again making 
accurate counting of the species possible. For summer migrants (Pacific Golden Plover, 
Lesser Sand Plover and Red-necked Stint) three or four censuses were conducted between 
December and March, the period when these populations were most stable. For the winter 
species (Red-capped and Double-banded Plovers) populations were assessed two or three 
times between April and July. For each species the mean population of the total number of 
censuses of each summer/winter are used in the analysis. Outside the census periods 
mentioned above, temporal analysis is not permissible as the populations are transient with 
individuals and small flocks moving between coastal locations to and from their intralimital 
(Red-capped Plover) or extralimital (Red-necked Stint, Double-banded, Pacific Golden and 
Lesser Sand Plovers) breeding sites.
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Data used within this study are taken from Chafer (1989), for 1976-1989 (125 surveys), and 
additional survey work as described above for June 1989- July 1997 (48 surveys). Some 
additional data on counts conducted between 1970 -1974 was obtained from A.K. Morris 
(in litt.). These data were collected by Morris and other members of the NSW Field 
Ornithologists Club and are mainly one-off counts conducted in summer and winter. They 
are included herein to allow a longer time series of data to be analysed.
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CHAPTER 5
M onitoring Environmental Change
5.1 Introduction
As with all problems involving the measurement of changing spatial environments through 
time, there is not only an inherent problem of determining what to measure, but also 
deciding what scale of error is acceptable in assessing a dynamically changing environment 
(Johnson 1990, Langran 1992). In this thesis, environmental change is monitored at the 
Shoalhaven River estuary and is confined to measuring the seven habitats defined in 2.3 
(marine, estuarine, supratidal, intertidal, saltmarsh, dune vegetation, other land). 
Measurement of these habitats is quantified by delineating each habitat within the 15 
remotely captured scenes (Figure 4). This was achieved by correcting the remotely sensed 
data to a co-ordinate system and integrating these data into a Geographic Information 
System (GIS).
This chapter therefore firstly reviews the literature of monitoring coastal processes using 
remotely sensed data and examines some of the problems inherent in aerial photographic 
interpretation. I then define what is meant in this thesis by remotely sensed data, discuss 
digital image processing, the nature of geographic information systems, digitising and the 
creation of thematic layers for inclusion into the GIS, how GIS and remotely sensed data 
are to be integrated, what scale of error can be expected in assessing the changing estuarine 
environment and how temporal biotic data can be introduced into a problem solving 
scenario.
5.2 Temporal analysis of coastal environments: literature review
The study of changes in the environment using remotely sensed data is a well established 
science. Both aerial photography and satellite imagery have been used to illustrate landuse
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changes that may not be perceptible from the Earth’s surface (eg Brunn 1978, O’Neill et a l. 
1993). For coastal environments this is particularly pertinent, as change in beach shores and 
estuaries are dynamic and cannot readily be discerned from ground-based observation. Prior 
to the use of aerial photography for the purpose of topographic map production (circa late 
1930’s), the spatial location accuracy of topographic maps was poor (Dolan et a l. 1991). 
Nevertheless a number of studies from the US and Europe have demonstrated the 
usefulness of remotely sensed data to quantitatively and qualitatively measure and discuss 
coastal geomorphological processes (see below). As this thesis is using aerial photography 
for analysis of spatio-temporal change, discussion of examples will be limited to that field.
In order to understand how interpretation of aerial photography is achieved, I first discuss 
the problem of distortion that exists on all aerial photography, then illustrate examples of 
various techniques that have been used by geomorphologists to study coastal processes in 
the literature.
5.2.1 Errors associated with aerial photographic interpretation
Due to the inability of aircraft to fly at a constant altitude in a perfect plane, aerial 
photographs contain geoometrical error due to a variety of reasons:
• Although aerial photography is captured approximately perpendicular to the ground 
surface, a tilt of between l°-3° is not uncommon (Crowell et a l  1991). This results in a 
non-orthogonal scale across the photograph. For example in a 1:20,000 scale scene a 
real world displacement of up to 20m can occur for any single point on the scene for a 
1° tilt and 60m for a 3° tilt (Crowell et a l  1991).
• Relief displacement of objects on the ground occurs radially away from the isocentre of 
the photograph (Crowell et a l  1991). This type of distortion is most apparent in areas 
of large topological relief, but has little impact on coastal terrain. The exception to this 
is along coastlines that contain steep seacliffs adjacent to beaches.
• Radial lens distortion occurs in older photographs where inferior quality lenses were 
deployed (Crowell et a l  1991). This can result in distortions around the margins of the
photographs.
All these distortion errors can be corrected using a process known as georectification which 
is described in detail in section 5.3.4.
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Another major problem in shoreline mapping is the determination of where the shoreline 
actually is. The High Water Line (HWL) is usually recognised as the actual interface 
between ocean and beach. This is generally discernible on aerial photography taken at low 
tide, as the abrupt change in tone from light grey to dark grey (Anders & Byrnes 1991, 
Shoshany & Degani 1992).
Finally, once geometrically corrected, images are produced (see 5.4.3) and lines need to be 
defined on the image prior to the digitising of lines and polygons. With a sharp “00” pencil, 
this can produce an on-the-ground thickness of 6m on a 1:20,000 scale image, clearly 
indicating that the largest scale image possible should be used to acquire a final map of the 
coast from.
In the following sections a number of case studies are reviewed illustrating the uses of aerial 
photography for monitoring coastal change and highlight the different methodologies and 
associated problems that have been used since the late 1970s to monitor change in coastal 
environments.
5.2.2 Historical shoreline changes on the Texas coast
Morton (1977) summarised a range of studies into the spatial extent of shoreline change 
along the Texas coast up until 1976. He concluded that most of these studies were 
descriptive with little or no qualitative or quantitative data. He goes on to describe a 
method of measuring shoreline change using aerial photography dating from the 1930’s and 
prior to that, topographic charts from the US Coastal Survey. Morton {op. cit.) describes 
his methodology in the following words “mapped shorelines were optically transferred on 
common base maps (1:24,000 USGS topographic series) and direct comparisons and 
measurements were subsequently made.” No detail of how these comparisons and 
measurement were conducted is supplied, other than to say that lengths of coastline were 
divided in 5 km sections and planimetred three times, with the average being used to 
calculate areal changes. The author discussed the areal changes in the shoreline in temporal 
blocks of various lengths. Contributing factors such as climate change, storm frequency and 
intensity, relative sea level, sediment budget and human activities are then discussed. The
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overall conclusions are that shoreline retreat along the measured Texas coast will continue 
to be landward as part o f a long-term post-glacial erosional trend.
5.2.3 Cyclic behaviour of the tidal inlet at Nauset Beach, Massachusetts.
Giese (1988) described the cyclic behaviour of a tidal inlet at Nauset Beach, Massachusetts. 
This inlet is highly dynamic, and the local community were seeking information on how the 
barrier bar of the inlet had changed through time and if it was possible to predict future 
movement o f the barrier. The author collected a large array of data on this particular site 
dating back to the 1600’s. From an accuracy perspective, only data after the US Geodetic 
Survey of 1772 was used. This included further geodetic surveys and aerial photography 
since 1930’s. No detail is given of how the information derived from the aerial photographs 
was determined. However a series of line drawings detailing the changes is provided, along 
with a qualitative descriptions of the change. The author demonstrated that through a 
combination of coastal subsidence, littoral drift and wave action, the coastal barrier system 
had gone through a complete erosional and accretion cycle and today appears similar to the 
way it was 200 years ago. The length of the cycle was estimated to be in the order of 150 
years. There was no discussion on data accuracy.
5.2.4 Temporal dynamics of a barrier island in Florida
Reynolds (1988) discussed the use of aerial photography to describe the temporal 
geomorpholical process associated with an ebb-tidal delta off Marco Island, Florida. The 
author divided the island’s shore into 400 foot lengths and transferred the high water mark 
of the shoreline onto a base map using a zoom transfer scope. Fifty reference points were 
determined along the shore and the difference between sequential capture dates recorded 
and graphically depicted. Furthermore, a nominal line known as the Florida Coastal 
Construction Setback Line was also used to measure areal changes through time. This line 
runs parallel to the 1940 coast. Polygons were formed by connecting the 50 reference points 
on the coast to this line. This resulted in the creation of 50 polygons whose only side that 
changed through time was the coast side. This meant that relationships between erosion and 
progradation could be determined and conclusions drawn in terms of process and response. 
The author proceeds to discuss the relative rates of erosion and accretion along the island
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and reasons for the spatio-temporal variation. Of particular interest is the development of a 
small sand island on the northern coast o f the island which subsequently grew to over two 
kilometres in length. The author then researched older map material to discover that in 1885 
several sand islets existed in the position of the recently formed island. He suggests that 
these were eroded in the early 1900’s through storm events and a dominant longshore drift 
that developed. He goes on to suggest a similar fate may eventuate with the new island.
5.2.5 Temporal coastal monitoring from Israel
Shoshany et a l  (1996) describe a 40 year (1955-1995) temporal study of coastal 
geomorphology along the Israeli-Egyptian coast. They used 13 aerial photographs derived 
from a variety of sources, which were scanned at 300 dpi and georectified using digital 
image processing (Shoshany & Degani 1992). Due to obvious differences through time in 
the shape of the shoreline, they chose a photograph series which had the greatest number of 
ground control point common to all the other capture dates. They then rectified that series 
to a common datum (datum detail not specified), and then registered the other capture dates 
to the georectified image using common ground control points. This technique minimised 
the amount of spatial error incurred between images captured using different aerial 
photographic technologies. During the rectification process, a maximum RMS error of 
1.25m was accepted to minimise distortion between capture dates. To asses potential error 
further, the authors gathered sea level data from the study period and mean wave height 
data for the periods immediately before the photographic dates. They found that sea level 
had risen approximately 43 cm through the study period and that average wave height was 
less than a metre. They developed the following equation to determine potential lateral error 
in their location of the shoreline in each capture date:
E  = 3Er + h/tan(15°) 
where E  is the estimated error of shoreline displacement
h/tan(15°) is the magnitude of horizontal displacement of the shoreline at each 
capture date resulting from sea level rise.
Eris the RMS error of the image determined during the rectification process.
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They determined that the spatial error of the shoreline as using this technique varied 
between 1.5m and 5.3m. Shorelines were manually digitised on screen, with a between point 
minimum node distance of 25m allowing all major extreme points of the shore to be 
included in the data set. The identity of the image processing and digitising 
hardware/software were not provided. The authors then go on to describe various sections 
of the shore between Alexandria (Egypt) and Akko (Israel), illustrating where shoreline 
accretion and erosion have occurred, and the associated coastal geomorphological causes. 
The authors research was able to provide convincing evidence that sand migration along the 
southern Israeli coast is northward away from the Nile delta. This is counteracted by a 
southerly sand flow north of the central town of Netanya.
5.2.6 Temporal geomorhological studies of the Frisian coast, Germany
Eitner (1996) studied the geomorphological changes of the tidal inlet Otzumer Balje, 
Germany over the past 340 years. He used the historical mapping of Homeier (1961) to 
illustrate gross morphological change between 1650 and 1960. He showed rapid accreation 
and land development of the mainland and several islands between 1650 and 1860. After 
that date the shoreline of the mainland remained relatively stable, though several near-shore 
islands have continued to accrete substantially. All of the east Frisian islands and the 
interjecting tidal inlets have moved in an easterly direction, while the main study estuary and 
the barrier island of Spiekeroog have moved in a southeasterly direction. This island had 
doubled its size since 1650 and its westerly shoreline shifted over 2km to the east. The 
author then used topographic maps produced in 1960, 1975, 1980 and 1990 to study the 
shorter-term morphological changes of the study area. The author stated that these maps 
were produced from aerial photography, however provides no further details. Eitner (1996) 
illustrates the physiographic changes of the study area by overlaying changes in the low tide 
shorelines between the topographic capture dates. He described the direction of changes in 
the estuarine channels and geomophological reasons for them, particularly noting that there 
appears to be a cycle of east to west movement, followed by a reversal of the trend. The 
author also described changes in the sedimentology of the study area using previously 
published research, and his own investigations of 1990. A series of maps were presented 
illustrating areas of different sediment type (muds, sands, seaweed, mussel beds). Relative
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percentages of changes in the sediment types are provided graphically, though no detail is 
presented on how these measures were derived. The conclusions of the study showed that 
the island and the estuary have continued to move in a south-easterly direction by several 
metres over the shorter 30 year study period. This migration is linked to sea level rise and 
sediment accretion.
5.2.7 Shoreline mapping: a comparison of techniques
The above examples are a sample of the qualitative studies on temporal coastal 
geomorphological change from the literature. Leatherman (1983) reviews the literature in 
terms of methodologies and provides a summary of how accurate the various techniques in 
use are. Specifically, he compares the use of stereoplotters, metric mapping, point 
measurement, zoom transfer scope and photo enlargement to measure shorelines. Of these 
methods the zoom transfer scope method is as used above in 5.2.4; stereo plotting is a 
standard photometric technique using a stereo pair of photographs on a steroplotter; metric 
mapping is based on a complex process of computer-based analytical methodology (Clow & 
Leatherman 1984); point measurement uses the distance between a series of reference 
points only on aerial photographs and the shoreline to record change between capture dates; 
photo enlargement was a hybrid method that joined several adjacent photos and projected 
them on a base map using a projecting light table. An orthogonal grid matrix then allowed a 
shoreline to be drawn between reference points that were 100 m apart. No control for 
distortion in the photos was made and the results were poor in accuracy; Both airphoto and 
topographic map are converted digitally and, using a number of control points, 
geometrically referenced to one another.
Of the above mentioned techniques Leatherman (op. cit.) provides a summary table which 
succinctly shows: the stereoplotting method is good, though expensive; the metric mapping 
method is excellent and cheap; point measurement is good, though limited in its 
interpretation; zoom transfer scope method is fair, time consuming and expensive; and the 
photo enlargement method is poor, inaccurate and expensive.
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5.3 Remote sensing and image processing
5.3.1 What is remote sensing
As discussed above (5.1), a central problem in designing a GIS is deciding what attributes 
to delineate and measure. Once this has been completed, the next step is to determine how 
to measure them. This section describes the exploration of methodologies available for 
converting the remotely sensed images (the temporal aerial photo series) into a format 
suitable for analysis in the GIS. To do this remote sensing will be defined. I then discuss the 
conversion of hard copy products into digital format, and the methods used to correct the 
digital images for any spatial error that is inherent in aerial photography.
Fisher & Lindenberg (1989) have defined remote sensing as, collecting and interpreting data 
from regions of the electromagnetic spectrum through the use of mobile non-contact 
sensors. Data is obtained from a remote platform (aircraft, satellite) either on photographic 
film or electronically and subsequently processed using computer-based digital image 
processing software (Curran 1985). Analogue data (hard copy aerial photographs) can be 
converted into digital format using "off-the-shelf flatbed or drum-feed digital scanners 
(Hood et a l  1989, Cassettari,1992, Carstensen e ta l  1991, Johnston e ta l  1995).
5.3.2 Conversion from analogue data to digital imagery
Numerous authors (eg. Light 1991, Ehlers 1991, Carstensen & Cambell 1991, Shoshany & 
Degani 1992, Wijayratne & Maclean 1992) have shown that, using a grey-scale colour 
pallet and a scanner resolution of 300 dots per inch (dpi), a more than acceptable trade-off 
between image resolution, landscape contrast and computer file size can be obtained.
Using this criteria, ground pixel sizes ranging from 0.43m to 1.5m can be obtained for 
1:5,000 and 1:25,000 scale photo's respectively. Such digitised photographs are then 
georectified, using digital image processing software, to a standard cartographic projection 
to produce an orthophotographic product (Novak 1992, Eastman 1995). These data can 
then be utilised directly within most GISs as a ready-to-use background data layer in the 
analysis of coastal and wetland resource assessment (eg. Sasser et a l  1986, Gigherano 
1990, Downs & Hautzenroder 1991, Patterson et al.. 1991, Williams et a l  1991.
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5.3.3 Methods used for scanning aerial photographs
Two image processing packages were available to conduct the image processing for this 
study, IDRISI (Eastman 1993) and DIMPLE (Powley el al. 1992). The later was chosen 
due to its faster operating speed during image processing and greater use of the Graphical 
User Interface (GUI) to conduct the various function required to process an image.
All the aerial photographs were scanned in a 256 grey scale, using a Sharp JX 3200 flatbed 
scanner at 300 dpi. The digital image was saved in TIFF format and imported into DIMPLE 
digital image processing software for rectification and resampling to the Australian Map 
Grid. The DIMPLE image processing package is based on the Macintosh operating system 
(though it has recently become available in PC format also) and has full digital image 
processing capabilities, including output modes in PC ERDAS format. This was an essential 
criterion as all the GIS available were based in IBM compatible personnel computers (PC's) 
or Silicon Graphics (UNIX) workstations, and ERDAS was the only common raster format 
between the available software.
The scale of available photographs was highly variable, ranging from 1:15,000 to 1:40,000. 
All were digitally resampled after rectification to provide a standardised ground pixel 
resolution equivalent to 1.5 metres. Before each image could be integrated into the GIS, it 
was necessary to georectify the images to a common datum. This was necessary to correct 
for various types of image distortion which occurs during the process of aerial photography 
(Anders & Byrnes 1991, Alberts 1992).
5.3.4 Georectification
Novak (1992) and Wijayratne & MacLean (1992) provide concise and readable analyses of 
the various methods available for digitally correcting the spatial distortion inherent in aerial 
photography. Spatial distortion in aerial photography is a caused by the pitch, role and yaw 
of the aircraft during almost any photographic run. The effect of distortion is most 
pronounced on photography with a high degree of topographical relief (eg. mountain 
ranges) or large-scale photography taken at low altitude (Avery & Berlin 1992).
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In order for aerial photography to be useful for delineating and measuring objects on the 
ground, the image needs to be in a format that is similar to that found on standard 
topographic map sheets. In other words, the spatial geometry, or map projection of the 
aerial photograph has to be corrected so that the orthogonal projection of all the points on 
the ground are the same as the reference surface (the map sheet). The process used to 
undertake this task is known as rectification, and the resulting image-based map is called an 
orthophoto (Novak 1992).
Most digital image processing packages are provided with some algorithms that can 
perform rectification routines. This process has several names including geo-referencing, 
geocoding and georectification. The models used to perform the georectification process 
range from simple affine transformations, to higher order polynomial projection 
transformations and differential rectification with relief displacement (Novak 1992).
In order to rectify an image to a map projection, I collected a set of control points that were 
observable both on the reference map and the image. These were street intersections, 
centres of buildings, land boundary intersections, well distributed around the image. For the 
purpose of this project the Australian Map Grid (AMG) was the datum used as the map 
projection (Zone 56). Twenty control points were collected and their position in Eastings (6 
digit number) and Northings (7 digit number) was recorded. Once these are in place in 
computer, the polynomial can be run. Polynomial georectification uses the following 
polynomial equation;
x = x,T A y '= / , ( * ' , / )  
y  = x 'T By'= f y{x',y')
where: x, y  are co-ordinates o f the original image,
x' ,y' are co-ordinates of the rectification, and 
A, B are coefficient matrices of the polynomials
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This method corrects for distortions of the image relative to a set of control points. The 
more control points available the better the accuracy the rectification will be. This is 
achieved by using a higher order polynomial for the resampling procedure (Table 5.1). The 
model is run and the module reports the root mean square error (RMSE) of the rectified 
image. Providing the resultant RMSE is within a previously determined accuracy range, the 
model is accepted or rejected.
Once the model is accepted, the next step of image processing is to resample the image. The 
three most common types of resampling are described in Table 5.1. The resampling 
procedure uses the above rectification model to assign a grey scale value to the relative 
position of each pixel on the original image to a new rectified location on the new image, 
while at the same time retaining as much spectral information about that pixel as possible. 
For aerial photographs up to 1:40,000 scale, a resampling raster of <5m2 is required to 
retain the bulk of the original spatial information. For small areas such as that contained 
within the current study area, rasters in between lm 2to 2m2 are preferable (Light 1993).
Table 5.1. Comparison of three different resampling strategies used to resample images during the 
georectifiaction procedure. The greater the number of ground control points available, the higher order of 
polynomial that can be used. (From Novak 1992).
Resampling Method Number of required 
ground control points
Window size of 
resample procedure
Multiplications
Nearest neighbour 3 lx l pixel 0
Bilinear 6 2x2 pixels 4
Cubic convolution 9 4x4 pixels 110
5.3.5 Testing the fit of georectified image
There appears to be no set procedure in the literature used for testing the accuracy of the 
resultant georectified image. The best way to test the “correctness” of the orthophoto is to 
closely examine the fit of the vector layer(s) over the images. For example, in an urban 
image the correlation of vector and image street alignments. In coastal images, 
watercourses or shoreline can be followed. Reference vector layers are readily imported into 
image processing packages and can be overlaid onto the georectifed image as long as both 
raster and vector are of the same map projection. Vector layers of a given area can be 
purchased commercially through a mapping product distributor (eg. Land Information
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Centre, Bathurst for NSW), or they can be digitised from the reference map using a 
digitising package that comes with many GISs. It is beneficial to have as much detail as 
possible available in the vector layer, and that it is representative of the time period in 
question within the study.
Although polynomial georectification is the least accurate of the methods available (Novak 
1992), it is fast and with practice and experience quite reasonable products can be 
produced. If the fit o f features is deemed adequate (±0.5 pixel) then the orthophoto is 
accepted. If the orthophoto is not acceptable then the polynomial table of residuals is 
examined and ground control points corrected, added or subtracted until a reasonable 
product is produced.
5.3.6 Methods used for image georeferencing
5.3.6.1 Introduction
DIMPLE caters for several types of image rectification scenarios that can be used to correct 
these distortions found on aerial photographs. This includes the use of ground control 
points (GCP's) as described above and image to image registration (Powley et a l 1992), an 
especially useful tool for temporal image matching. For the aerial photograph sequence used 
in this work, stationary features suitable for use as GCP's were not available for all the 
images in the temporal sequence, particularly on the largely undeveloped Comerong Island. 
Thus, it was decided to rectify the base image, then use image to image registration for 
correcting spatial distortions through the remaining images.
The availability of 1:25,000 scale (1 centimetre [map] = 250 meters [ground]) topographic 
maps for coastal NSW is limited to two map sheet productions in 1976 and 1988. These 
maps were based on aerial photography taken in 1974 and 1980 respectively and have a 
spatial accuracy of ± 25 metres and ± 12.5 metres respectively for location points marked 
on the map sheets (David Banks LIC pers comm). I chose to use the 1988 topographic map 
series to select ground control points for rectifying the 1980 aerial photograph of the study 
area, and then coregistered all the other images to this base image. This process 
theoretically allows the greatest accuracy of correcting the spatial distortions of the 1980 
photograph. Once this base orthophoto was created I co-registered the other photos,
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obviating the requirement o f obtaining numerous (and generally unobtainable) ground 
control points on incidental images of flood events (Fig 4) from the map sheet.
5.3.6.2 Georectification of the base image
Georectification of the 1980 aerial photograph involved the following steps;
i. the appropriate section of the topographic map sheet (covering the same area as the 
aerial photograph) was digitally scanned on the Sharp JX 3200 scanner at 300 dpi in 
grey scale. The scanned image was saved as a TIFF file and subsequently imported into 
DIMPLE. As the map sheet is already georectified for spatial distortions of the original 
photographs, the only correction process which needed to be conducted was to correct 
for the spatial distortions introduced in the scanning process, and then register this to 
the same co-ordinate system being used on the map sheet, in this case the Australian 
Map Grid (AMG = Universal Transverse Mercator [UTM] projection). This grid is 
displayed as one kilometre squares, which are 40 mm apart on the map sheet.
ii. In DIMPLE, the raw map image can be measured in the default scale of pixels. Once the 
spatial accuracy of the scanned image has been determined and the number of pixels per 
kilometre assessed to a constant, the scanned image can be digitally resampled to display 
the correct on-screen scale of the topographic map. Testing accuracy of the resampled 
image can be achieved by comparing the resulting co-ordinates of grid cross-points 
displayed on the image with their real (topographic map sheet) co-ordinates.
iii. The final step in accessing the accuracy of the resampled image was to print a copy at 
1:25,000 scale, including the AMG grid and, using a light table compare the processed 
image to the original topographic sheet.
iv. Once the map sheet had been digitally converted, it was then possible to obtain ground 
control points of stationary objects from the digitised map sheet and use them to 
georectify the aerial photograph. Co-ordinates for 12 ground control points (GCPs) 
were obtained from the topographic sheet using obvious stationary positions such as 
road intersections, bridge centres and building centres.
v. Georectifying the 1980 aerial photograph by co-registration simply involved selecting 
the 12 GCP's on the scanned map sheet (the master image) to the same 12 locations on
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the scanned aerial photograph (the slave image) (Powley et al. 1993). Once the 12 
positions were identified on the slave image, a residual mean square error (RMSE) 
accuracy was determined prior to processing to determine the most suitable geometric 
transformation; ie. linear, quadratic, cubic. Hood et a l  (1989), Novak (1992) and 
Cassettari (1991, 1993) have demonstrated that, with care, the linear transformation is 
more than adequate in areas with little topological relief. A standard of RMSE ±2 m was 
arbitrarily used to assess the transformation accuracy this process,
vi. Satisfied that the spatial accuracy of the transformation was reasonable, the image was 
digitally resampled within DIMPLE to the predetermined 1.5 m2 ground pixel accuracy. 
The resultant georectified image was further checked for accuracy by overlaying a 
digital version of the coast and road system from the topographic map onto the newly 
created orthophoto. Once satisfied with the finished orthophoto, it was then saved in 
ERDAS 7.4 format, ready for direct import into the selected GIS package. One final 
method of checking accuracy at this stage, was to print out the final image on a high 
quality laser printer at 1:25,000 scale and, using a light table, check the positional 
accuracy of the image to the hard copy of the topographic map sheet.
Using this method on single aerial photographs will inevitably result in some spatial 
inaccuracy of the resultant warped images. The DIMPLE image processing software used in 
this project produces an error measurement for the potential spatial error of any point on 
the resultant image (root mean squared error, RMSE). As mentioned above it was intended 
to keep the RMSE of any image to less than ± 2m. This criterion was achieved (Table 5.2) 
and further error checking, in the form of visually checking the spatial position of a vector 
layer that contained the roads and tracks of the study area over the final image, was used on 
each image. If the combination of these checks were positive then the image was digitised 
using the methods of 5.4.3.
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Table 5.2. Capture date, entrance condition, RMSE for the georectifying process (DIMPLE) and image
Date of
scene
capture
Entrance
condition
RMSE from 
georectification process
Image source
04/4/1949 closed 1.78 Land Information Centre, Bathurst
16/4//1970 closed 1.32 AWACS
29/12/1974 open 1.53 Land Information Centre, Bathurst
23/8/1977 open 2.15 AWACS
26/6/1979 open 1.16 AWACS
28/2/1980 closing 1.65 AWACS
12/2/1981 closed 1.10 Land Information Centre, Bathurst
13/5/1984 closed 1.36 Australian Survey Office, Canberra
01/8/1986 closed 1.21 Land Information Centre, Bathurst
06/4/1989 open 2.22 AWACS
22/4/1991 open 1.37 AWACS
04/2/1993 closing 0.98 Land Information Centre, Bathurst
15/1/1996 closed 1.42 Air Maps Australia, Nowra
Once digitisation o f the habitats had been completed, I used SPANS GIS to calculate the 
positional accuracy of the habitat polygons as described in 5.4.4 (Table 6.3).
S.3.6.3 Temporal image to image registration
After the conversion of the 1980 aerial photograph into a georectifed orthophoto, it was 
necessary to convert all the other images into the same format. This was achieved using the 
image to image registration procedure (Powley etal. 1993).
5.4 GIS and temporal spatial data acquisition
5.4.1 What is a Geographic Information System (GIS)
Fisher & Lindenberg (1989) and Ehlers (1991) define a GIS as being a computer-based tool 
for integrating, storing, managing, analysing and displaying spatially referenced geographic 
data in a problem solving environment, to user-defined specifications. Intrinsically, a GIS 
can be thought o f as a multi-layer spatial database, each layer containing quantified or 
qualitative data belonging to a particular thematic category (eg. geology, vegetation, land 
use, transport network etc.). These layers can be spatially overlayed within the computer 
environment and analysed using simple descriptive statistics to interpret spatial correlation’s
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and relationships between the various themes. Many GISs can be linked to a relational 
database which allows the storage of voluminous attribute data for each category within 
each layer of the GIS. More complex statistics such as analysis of variance, multiple 
regression and correspondence analysis can then be used to describe resultant patterns and 
relationships between the spatial and aspatial data. Thus the accuracy to which any given 
point within the study area can be analysed, is limited only by the analytical complexity of 
the GIS being used, availability of suitable attribute data and (in particular) the accuracy of 
the spatial components (Dunn et a l  1990, Fotheringham & Rogerson 1993).
GISs store and manipulate data as rasters (grid cells, pixels) or vectors (polygons, lines). In 
raster systems, each grid cell is assigned an individual data value by either converting 
digitised areas into a given grid or assigning the picture element value given to a grid cell by 
a remote sensor (Johnson 1992). A third type of data structure, the quadtree, is also utilised 
by some GISs to reduce the amount of redundant data that exists in large homogeneous 
areas of a theme. The advantages and disadvantages of each system are discussed by 
Johnson (1992) and summarised in Table 5.3.
Table 5.3. Characteristics of different data structures used in geographic information systems. Adapted 
from Johnson (1992)
Data type General Advantages Disadvantages
Raster data generalised by an array of 
grid cells all of equal size
best for depicting areas with 
inexact or fuzzy boundaries.
Requires a larger amount of 
disk storage space
Best for simple or complex 
overlay and modelling 
analyses
Vector data represented by strings of 
exact co-ordinates and 
polygons made from 
curvilinear boundaries
accurately represents points 
and linear features, and areas 
with exact boundaries
requires large amount of 
memory for spatial analyses
can be used to simulate 
conventional cartographic 
representation
poor modelling capability
excellent for network and 
distance relationship analyses
Quadtree data generalised by an array of 
grid cells of unequal sizes
best for depicting large 
homogenous areas with fuzzy 
boundaries
uses smaller area of disk space 
than a raster data set of the 
spatial area
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5.4.2 Choosing a Geographic Information System
Four GISs were potentially available for use in this project. All are useable in IBM 
compatible PC's: Arc View; Environmental Resource Mapping System (E-RMS); SPANS 
EXPLORER; IDRISI for Windows. No single GIS was suitable for the whole project and I 
used modules from the first three systems. System basics for these three GISs are 
summarised as follows:
• E-RMS 5.3 (Ferrier 1989, Bridgewater 1993), is a DOS based GIS which operates as a 
vector/raster input system, and purely as a raster-based system for data analysis. This 
means that all data input in vector format requires transformation prior to any form of 
analysis. Grid cell size is available at set scales of 1, 2, 5, 10 and 20 meters. E-RMS 
(Environmental Resource Mapping System) was designed by the NSW National Parks 
& Wildlife Service and is entirely menu driven. It is relatively easy to use and contains 
some powerful analytical features, including overlaying by boolean operands, predictive 
and temporal and decision-tree modelling capabilities (eg. Marthick 1995, Rose & 
Chafer 1997). Its primary drawback is that, being DOS-based, it cannot be directly 
linked to a relational database. This limits its interactive use with non-spatial attribute 
data. Importation of raw raster data (ie the scanned aerial photos) is also not an easy 
task, however classified thematic maps can be readily imported and utilised in the map 
display and analysis modules. The package comes with its own native digitising 
software, allowing vector data layers to be created on a digitising table and then 
converted into raster data for analyses.
• SPANS EXPLORER vl . l  (Burke 1995) is a hybrid raster/vector GIS which operates 
under WINDOWS. This GIS, which is based upon Tydac's SPANS GIS (Ebdon 1992), 
allows importation of georeferenced raster images and contains on-screen digitising 
capabilities and a variety of analytical processes. Analyses of data can be performed in 
vector (area) format, or by converting vector or raster data into quadtree format. 
Quadtrees are intermittent between vector and raster formats, handling large areas of 
the same theme by creating a multi-level raster size which lowers storage space
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(Johnson 1990, Burke 1995). Although quadtrees contain some topology data they are 
still based on grid cell geometry, and so are very efficient at rapid data processing for 
complex spatial overlay querying and modelling, but is poor for fine-scale output 
resolution of precise area boundaries (Johnson 1990, Edwards 1991, Ebdon 1992). One 
major draw back of this system is that overlay analysis of raster layers is not possible, 
the data needs to be first converted into a quadtree format. Once this is done analysis of 
up to several layers can be performed to determine interrelationships between the spatial 
variables. The data has to then be reconverted back into raster format to display the new 
(query result) layer and evaluate the tabular results, ie. the resultant quadtree data 
cannot be displayed in any meaningful fashion. SPANS Explorer does not provide any 
indication of how much spatial error transposes during this laborious process, however 
preliminary experiments o f the accuracy of continual back and forth transformation from 
raster to quadtree and visa versa indicate that cumulative differences in the 
computational transformations can instil error into the data (pers obs).
• Arc View v5.1 (ESRI 1995) is a vector-based GIS which runs under Windows and
allows raster data to be displayed in the background. As inferred from the product 
name, ArcView is primarily a display-based GIS with only limited spatial analytical 
capability. This is somewhat compensated for by its superior cartographic functionality 
for displaying high quality final map products, multi-tasking presentation capability and 
dynamic linking to external relational databases. All analyses are vector/area based and 
of course data can be exported in Arclnfo formats. On-screen digitising can be 
performed, though this is limited to the production of individual polygons which cannot 
share a common boundary with immediately adjacent polygons. This inturn limits the 
types of analyses that can be performed, and introduces an unacceptable degree of error 
on the resultant data for projects such as that being conducted with the present research.
Each of the above systems have advantages and disadvantages to the respective systems on­
screen digitising, computational architecture and cartographic output. Considering these 
issues, it should be apparent that the most obvious solution is to implement and use the best 
features o f each product, however this too is fraught with difficulties inherent in data 
transfer technology. Perhaps most problematical in this scenario is the potential for
Chapter 5 68
introducing spatial error during the transfer o f one data type to another, eg. vector to raster 
to quadtree to vector. Although various error matrix techniques are available for 
propagating an assessment of this error (Johnson 1990, Berry 1993), the quantification of 
this error is itself the subject of much discussion (Eastman 1995, Marthick 1995).
Bearing the above factors in mind, and considering the overall question relating to 
measuring temporal change in microhabitats o f the Shoalhaven system, I chose to use the 
best components of the E-RMS and SPANS products to analyse the data sets.
Two further components of the integrating GIS and remotely sensed products need to be 
considered. The first is how to transform the corrected spatial data of the orthophotos into a 
form that can be readily used by the GIS in some meaningful fashion. The second 
component concerns an understanding of spatial error that may occur within any stage of 
the data manipulation.
5.4.3 Digitising methods
In order to transform the orthophotos into a meaningful data set that could be adequately 
analysed we first have to look at the methods available for performing that data transfer. 
The basic principal of data reduction is first identify what elements of the environment are 
to be measured. In Chapter 2.3 I defined the seven variables being considered in this thesis. 
To reduce the spatial data displayed in the orthophotos (Figure 4) delineation of the 
boundaries of these environments by digitisation is required. Two types of digitising were 
considered in this thesis; on-screen digitising and hard copy digitising. All three GISs being 
considered in this project have some form of on-screen digitising available.
With on-screen digitising, the orthophoto is displayed in the background as a grey scale 
raster image. In ArcView and SPANS the type of digitising to be conducted is 
selected(polygon, line, point), and the mouse is used to trace the required feature. Care is 
taken to set the variables so that they can be easily identified later during the analyses stage. 
On-screen digitising is possible in ERMS, though there are many difficulties involved with 
changing the colour pallet to a 256 grey scale. For digitising from a digitising tablet, all four
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GISs are supplied with a native or commercial package that allows this process to be 
conducted. The easiest package to use is that which is part of the ERMS product (see 
Ferrier 1992 for details).
After much experimentation with on-screen digitising, it was found to be cumbersome. In 
ArcView it is not possible to digitise adjacent polygons so that they have a common 
boundary where they abut. This means that for much of the study area I would have had to 
digitise twice between long-sided polygons, eg. the interface of shoreline and river. In 
SPANS it is possible to produce the adjacent polygons, though it is very tedious, time 
consuming and requires expert mouse control for delineation of complex curvilinear 
polygons. This approach is however suitable for recording roads, watercourses and point 
locations. After several practice attempts at using SPANS to reproduce the habitat 
boundaries I abandoned the idea as being too laborious.
The only alternative was to print the orthophotos on a high quality printer, trace via human 
interpretation the outlines of the various habitats, and then manually digitise the habitats 
from a digitising table. The digitising puck provides a much greater degree of 
manoeuvrability than a computer mouse, and providing distortion is minimal during the 
printing phase, it appeared to be the only avenue available.
In order to achieve this aim, all the images were printed out on an A3 Epson Stylus II 
colour printer, directly from DIMPLE. DIMPLE comes with the ability to print out a grid 
or tick marks of the co-ordinate system being used by the image being processed. This 
means that the orthophoto can be printed with the appropriate AMG co-ordinates overlaid 
on the image. The images of the study area, printed at 1:5000 scale fitted onto the A3 page 
exactly. Habitat boundaries were then drawn on the printed product and digitised on a . 
Calcomp 9200 digitising table using E-RMS. After each image had been fully digitised the 
vector layer displaying the variables was exported out of E-RMS in DXF format. These 
data were then imported back into DIMPLE and overlayed over data’s respective image and 
checked for visual accuracy. Once the vector layer was accepted it was converted into a 
2m2 raster in E-RMS. The vector layer was also imported into SPANS and ArcView for 
various analyses outlined below.
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5.4.4 E rro r assessment
One of the biggest problems in spatial analysis is the determination of spatial error (Maffini 
et al. 1989, Fotheringham & Rogerson 1993). No matter how well defined a natural 
boundary between two adjacent habitats is depicted, some degree of error must be expected 
in digitally transferring that boundary into a GIS. Similarly this depiction can only represent 
a single moment in time which may change immediately after the data is recorded due to 
some natural perturbation in the environment (eg. flood, fire, earthquake). Further 
complicating this interpretation problem, is the obvious factor of representation scale of the 
habitats within the GIS. This occurs when the digitised line or polygon is converted into the 
raster format. The larger the raster cell size, the greater the error introduced from the 
originally digitise vector. For the current research, a raster size of 2m2 was selected. This 
should reduce the error that occurs when vector data is transformed into raster data. During 
the process of transferring vector to raster data, information of only one variable within a 
theme can be encoded in a given cell. Thus, if a line passing through a given pixel contains 
60% of habitat 1 and 40% of habitat 2, then the pixel is encoded as belonging to habitat 1 
(Figure 5.1). To some degree the natural fuzziness of the boundaries being delimited in this 
thesis is incorporated during this process.
Figure 5.1: In the conversion from a vector layer to raster layer using the ERMS system. Data is converted 
from the digitised polygons into grid cells of 2m2. The cell is assigned a grey number (here 1 or 2) 
depending on the relative percentage of the vector cutting through the cell. It is easy to see how the final 
area reported by the GIS may under or over estimate the actual size of the polygon. Compounding this 
problem is a realisation that the actual boundary digitised may in itself not be spatially accurate.
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Maffini et a l  (1989) and Huang et a l  (1993) discuss the multiple cumulative sources of 
potential error in GIS (Figure 5.2). It begins with the inherent fuzzy or gradual properties of 
measuring natural entities. Then there is the capability of the researcher in recording the 
data, and the quality o f the instruments used to record the data. Finally there are the models 
used to display the measurements we have made. For example, a line representing a road or 
an edge to a polygon implies that this is its true position in space, even though the road may 
20-50 metres wide and the integration of one habitat type to another may spread widely 
either side of the polygon boundary. Dunn et a l  (1990) and Gong & Chen (1993) provide 
empirical testing of the accuracy of digitising the same entities by employing a number GIS 
students to digitise the same features in an experimental data set. In all cases a large amount 
of variation in the positional accuracy occurred. These authors showed that the positional 
error fluctuated around some perceived “true” line, and termed the error as occurring within 
the epsilon band of uncertainty (Figure 5.3). Empirically this was quantified by studying the 
overlap of digitising common boundaries between entities twice. This error can be measured 
by using the equation:
w = AH
where w = estimated spatial error of the digitised polygon 
A = area of the error polygon 
/ = length of the polygon perimeter
Dunn et a l  (1990) used SPANS GIS to perform their analysis as this GIS reports both area 
and perimeter of the polygons. They deduce that w can be used to confidently report the 
amount of error recorded for each individual polygon.
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Figure 5.2: The integration o f remotely sensed imagery into the GIS as conducted for the present study.
Cumulative error
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Dunn’s equation w=A/l (Dunn et al. 1990), can only be computed if the entire polygon 
boundary of adjacent polygons is digitised. Polygons for this study were digitised using 
ERMS which does not require adjacent boundary lines to be digitised twice. This obviates 
the use of Dunn’s procedure. An alternate method is to estimate w using a logic based rule 
developed by Crisman (1983, 1991) to calculate the epsilon band of uncertainty (s) for each 
polygon (Figure 5.3). This rule is built around an estimate of digitising error of the 
boundary line and is based on the digitised locational accuracy of a drawn line 0.5mm thick 
is equivalent to ± 4m on a map of approximate 1:6000 scale (eg Miller & Morrice 1996). 
Thus the area of uncertainty (potential spatial error) can be assessed by the equation (Dunn 
etal. 1990):
s = Iw, where s is the area of the epsilon band
/ is the length of the digitised line of the polygon 
w is the width of the epsilon band.
SPANS GIS and ArcView produce both the perimeter length and area of individual 
polygons within a given study area in a tabular module where simple to complex 
calculations of the spatial data can be conducted, s can be easily calculated directly within 
both these GISs. Alternatively, within ERMS (or any raster-based GIS) the digitised lines 
can be converted into rasterised lines and a suitable buffer width propagated around the 
grided lines for each habitat variable. The final estimate of s is calculated as s/2 for the 
actual theoretical position of any point along the boundary line and will be either ± the 
actual digitised position. It is also worth noting that in Dunn et aV  s (1990) experiment the 
mean error o f w for was 2.1m using A /l and 3.1m using a more complex model for 
calculating the IRQ of the epsilon band from probability density functions. The estimate of 
w=4m used in this study can therefore be considered as a conservative measure of the 
relative measure o f spatial error in the estimation of habitat area error:
W= a±(e/2)................. eq 5.1
where ¥  is the estimated error in the area of the habitat polygon
a is the area total area of each habitat obtained from the GIS 
s is the estimated area Iw of the epsilon band of uncertainty 
/ is the E length of the habitat perimeter
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w is the estimated width of the epsilon band of uncertainty 
Thus, for any habitat polygon within the study area, its areal extent may be considered as 
being its area as determined from the GIS ±*F, ie area = a ± ¥  (hectares).
For polygons derived from inexact entities such as habitat type, where the boundary of a 
habitat is often not sharp but rather gradual, this measure therefore becomes a useful 
indicator of the spatial accuracy of the digitised polygons. Nevertheless, using such 
measures in subsequent analyses is multinomial and fraught with difficulties. Thus, for the 
purposes of this thesis all subsequent analyses that require the use of habitat area, will use 
the area measure that is derived from the GIS. This is partially because, the digitised 
polygons representing each habitat were converted into rasters with a grid cell size of 2m. 
As is further explained by Dunn et al. (1990), this process in itself introduces error which 
can be measured by comparing the measured habitat variables to a base map. As the habitat 
maps produced in this study are in themselves dynamic, such error assessment seems 
impossible. Dunn et a l  (1990) nevertheless demonstrated that this transfer error is less than 
0.6% of the true area of the vector polygon for a grid cell size of 10m. It can therefore be 
concluded that for the grid cell size of 2m used in this project, the transfer error was 
negligible.
Figure 5.3 A digitised polygon showing the theoretical epsilon band of uncertainty around the digitised 
area. After Dunn et al. (1990). The area of uncertainty represents the potential spatial error that may occur 
through the processing o f digitising areal entities from hard copy representations of habitats with a graded 
(inexact) periphery.
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5.4.5 Method used to determine digitising error
SPANS Explorer and Arc View GIS both provide estimates of area and perimeter in their 
native default summary tables. I used the equation defined above (eq. 5.1) to determine the 
estimated spatial error (XP) of each year theme digitised for this project. The result is 
presented in a summary table showing the total number of polygons in the scene for each 
theme (habitat), their total, the estimated epsilon band of spatial error and standard 
deviation for each theme area and standard deviation where more than three polygons of a 
theme occur.
One way of overcoming some of this interpretation problem with indistinct boundaries is to 
use fuzzy set analysis (Wang & Hall 1996). Although fuzzy set theory is complex in its 
mathematics, it can be simplified in explanation by using the analogy of determining the 
probability o f whether any given cell along a boundary belongs to polygon A or B. For 
example, consider the probability of deciding whether a given cell is sand or water in the 
example (Figure5.1). Fuzzy theory allows us to give each cell a possibility rating (or 
weighting) between 0 and 1 as to which class it belongs. Using fuzzy theory allows the 
estimated area for each polygon to be more rigorously investigated and reported (Goodchild 
1994) inferring that, for a project with a 5m2 cell size, that a potential error of ± 5m may 
exist at any point along an interface between two habitats. The use of fuzzy sets is 
particularly appropriate in analysing multi-criteria data sets to produce a final maps which is 
tested against some (predictor) location of some study attribute (Bonham-Carter 1994, 
Marthick 1995). Although fuzzy set theory was considered for analysing data in this study, 
neither o f the two main raster GISs used (ERMS, SPANS EXPLORER) had the capability 
of producing such data sets.
5.5 Integration of remotely sensed data with a GIS
Rapid advances in GIS technology and application over the past decade have led to the, 
now almost routine, use of remotely sensed data within the development stages of a natural 
resource-based GIS project (Hibberd et a l  1990, Lauer et a l  1991, Gagluiso et a l 1991, 
Maclean 1994, Carey & Brown 1994, Jensen et a l  1995, ESRI 1995). Indeed, the
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integration o f remotely sensed data has been demonstrated to provide almost real time 
updates in some "disaster" scenarios (Hawkins 1992, Narumalani et a l  1993, Brown 1994) 
which is clearly o f great benefit to natural resource planners.
Regardless of its origin and spectral properties, digital remotely sensed data is only available 
in raster or grid cell format. The size of one grid cell, or pixel, is determined by the 
platforms sensor configuration or, in the case of scanned aerial photos, the combination of 
the resolution of the scanner being used and the scale of the original photo (Edwards 1991). 
A number of GIS packages prefer to use a vector, or line-based topology to create points, 
lines and areas (polygons) to which attribute data can be linked. As described above, an 
increasing number o f GISs allow an image to be displayed "in the background" and "on­
screen" digitising can be performed using the mouse to move the cursor around the desired 
feature, the operator creating attributes and layers as the background image is interpreted 
(Edwards 1991). In both these instances, the accuracy of the final topology is almost 
entirely dependant on the digitising skill of the operator, human interpretation of attributes 
being mapped and the quality of the digitising software being used (Dunn et a l  1990, Ehlers 
etal. 1991).
Burrough (1986) has suggested that many analytical operations (eg. overlays, spatial 
statistics, modelling) are simpler and faster in raster format than in vector format. A number 
of GISs allow transformation of vector data into raster format to complete a variety of 
analytical operations, while other systems can only operate in the raster format (Edwards 
1991, Ehlers 1991). A vector system works in Euclidean scale and allows data to be 
represented close to the scale o f the original detail. Conversely, raster data is structured in a 
grid cell arrangement that is constrained by the size of the cell and so may contain varying 
amounts o f redundant data. The conversion of vector to raster formats may also introduce 
large under or overestimates in area analysis, again being entirely dependent on the size of 
the grid cell. In short, vector structuring is the preferred option for aesthetic appearance, 
though overlays and complex spatial querying is computationally much more time 
consuming than with a raster-based system (Edwards 1991, Ehlers 1991, Eastman 1995). 
Concomitantly Dunn et a l .  (1990) has demonstrated in an empirical study that spatial 
inaccuracies o f real-world features are often naturally "fuzzy" along their boundaries.
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Intuitively this can be demonstrated by considering the junction of two vegetation 
communities, intervened by an undifferentiated (fuzzy) ecotone which contains components 
o f both communities, or the water boundary of a wetland which changes continuously as a 
function of rainfall, seepage and evaporation. Thus in many landscape interpretation 
projects, the final boundary drawn between two areal entities is of an arbitrary nature, and a 
resultant "exact" emphasis on spatial accuracy of the data may be misleading (Johnson 
1990, Eastman 1995).
Despite these difficulties in determining how to determine spatial error, reality determines 
what is and isn’t acceptable. For example in assessing the present study area the question 
relating to temporal change is obvious, there is change (eg. Figure 4). Thus the areas 
derived for each of the habitat variables need not be explicitly accurate, as long as any error 
that may be encountered is acknowledged. It must be remembered that in order to assess 
the spatial accuracy of each theme in the spatial database, the actual position of the habitats 
at the time of data capture need to be known. This is a difficult task in temporal studies of a 
dynamic environment such as an estuary. As Lunetta et al. (1991) state in their revision of 
error sources in GIS databases, “methods of assessing the accuracy of dynamic change 
detection maps are woefully inadequate and must be further researched”.
5.6 Methods used for temporal exploration of the environmental data
Four environmental data sets were used in this study;
• the habitat variables measured using the GIS
• El Nino Southern Oscillation data (SOI)
• Solar Sunspot data (SS)
• a simplified categorical classification of the entrance condition where it was open (1), 
closing (2) or closed (3). Closing refers to the width of the entrance channel being less 
50 metres across the mouth.
Data were available on the simplified classification of the entrance since 1936 and 
quantified spatial data since 1970 as determined from this study. These data were correlated 
against both SOI and SS data to explore probable relationships between mesoscale climatic 
factors and the entrance condition of Shoalhaven River. Simple linear correlation was used
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to examine the relationship between these three variables. Raw monthly and annual data for 
the SS data were obtained from Sunspot Index Data Centre, Brussels (SIDC1997), while 
data for the SOI comes from Queensland Department of Primary Industries, Brisbane 
(QDPI 1997). Correlation’s between the SOI and SS are also explored using simple linear 
correlation.
To test for periodicity in the temporal data of the entrance, I used the contingency 
periodogram, a non-parametric method for identifying cycles in categorical time series data 
(Legendre et a l  1981). The data may be qualitative (nominal), semi-quantitative (ordinal), 
or quantitative. Quantitative and semi-quantitative data must first be divided into classes 
before computing this periodogram. The use of categorical data precludes the use of 
standard time series analysis procedures. Analysis was conducted using the computer 
program “R Package” (Legendre & Vaudor 1991). This package also computes critical 
values for the data. As an independent test of periodicity, a simple square-sinusoidal graph 
of various frequencies was generated and compared with the entrance condition using 
simple linear correlation.
To examine the spatial relationship between the measured habitat variable and the entrance 
condition I used simple linear regression. Area (in hectares) of each variable was regressed 
against years since the entrance was breached by floodwaters. Data were analysed in 
Minitab (McKenzie et al. 1995), and residuals checked for homogeneity of variance and 
transformed if required. Graphical results presented include the 95% confidence and 95% 
prediction bands.
To examine the spatial relationship of all the variables against the entrance condition since 
time of breach by floodwaters, a forward stepwise multiple regression analysis was 
conducted (Zar 1986, McKenzie et al. 1995). The resultant model only contains the 
variable(s) that exceeded the critical values of the partial regression coefficients (Zar 1986). 
The resultant model (if any variable is significant) will help explain the temporal response of 
the entrance to the Shoalhaven River as a function of time since entrance breaching.
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To examine the potential relationship between temporal changes in shorebird populations 
and changes in the entrance condition, two methods were employed. Firstly the data are 
described as linear temporal relationship using simple linear correlation of each habitat 
variable against year (commencing 1970). The data are then explored using stepwise 
multiple regression for habitat against population size for years since the entrance breach. 
Models were developed for each of the five study shorebird species and may help explain 
temporal variability in shorebird populations since 1970.
Finally the populations of the five species are pooled and compared against the five habitat 
variables measured in this study. The populations were also compared with the generalised 
categorical analysis of the entrance condition using correspondence analysis (Ludwig & 
Reynolds 1988). Analysis was conducted using xlStat (Fahmy 1997). Finally the pooled 
shorebird populations were analysed against the entrance condition since breaching using 
stepwise multiple regression analysis.
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Results
6.1 Introduction
This chapter presents and discusses the results of the objectives outlined in chapters 4 and 5. 
I begin with a description of mesoscale environmental change at Shoalhaven Heads between 
1936 and 1996. Here I bring into contention the possible climatic influences of sea level 
rise, El Nino oscillations and sunspot cycles on the general estuarine environment within the 
study area. I then discuss the results of the more detailed examination of habitat change in 
the study area between 1970 - 1996. In particular I look at changes in the spatial 
distribution of areas that are used by shorebirds for roosting and feeding. This section is 
followed by a temporal examination of the five shorebird populations through the study 
period. Finally the relationship between habitat change and shorebird populations are 
discussed.
6.2 Environmental Change at Shoalhaven Heads
6.2.1 Sixty years of change at Shoalhaven Heads 1936-1996
Although the focus o f this thesis is the role of environmental change on shorebird 
populations through a twenty five year study period (1970-1996), it is also important to 
consider available information over the longer term. As discussed in Chapter 1, an historical 
account of the entrance to Shoalhaven Heads is only available for the past 150 years, with 
sufficient detail for landscape analysis only available since 1936. From this relatively short 
time frame one major human induced environmental factor has played a role in changing the 
estuarine morphology of the river mouth. Since Alexander Berry opened the canal into the 
Crookhaven River in 1822, the main course of river flow has been progressively changing to 
favour that entrance as its preferred exit point. From the journals of 19th century explorers, 
a survey in 1822, and more recent analyses presented herein, it is known that the river 
mouth is periodically closed by a barrier dune. Temporal periodic closures of estuaries in 
southern Australia are a common event (Hesp 1984, West et al 1985, Pollard 1994), even
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the estuary of Australia’s largest river, the Murray, closes periodically (Frick et al. 1996).
Unfortunately, accurate data on the periodicity of the entrance condition are only available
since 1936 (Ponsford et al. 1977) and since 1949 (aerial photography) and so this is the
limit o f the time series described herein.
Chapman et a l  (1982, p204 quoting Stevenson 1980) suggested that there was a 
correlation between sunspot activity and major storm events along the NSW coast. Analysis 
o f the correlation between the known opening regime of the Shoalhaven since 1936 and 
sunspot cycles (Figure 6.1) indicates there is no obvious relationship between these two 
factors. An analysis of the relationship between the El Nino Southern Oscillation Index 
(SOI) and the opening regime (Figures 6.2), suggests there is a significant casual 
relationship between the entrance to the river being opened by storm events (flood) during 
strong positive cycles of the SOI, while some of the closed periods also show a relationship 
with periods of negative index. There is no obvious linkage between SOI and sunspot 
activity (Figure 6.3).
The data also indicate that there is a cyclic periodicity in the opening and closing regime 
(Figure 6.1). This was tested using the contingency periodogram (Legendre et al. 1981) and 
against several potential square sinusoidal cycles between five and eight years duration. The 
periodogram demonstrates a significant 14 year cycle with two harmonics. There are also 
near significant peaks at the 8 and 21 year time periods Figure 6.4). Similarly, the square 
sinusoidal analysis shows a significant positive correlation (r= 0.432, /?=0.00l) between a 
predictive 7 year cycle and the known environmental condition of the entrance 1936-1996 
(Figure 6.5). These results suggest that a quasi-septennial open/closed entrance condition 
has occurred at Shoalhaven Heads since at least 1936. Severe storms which facilitate the 
flood events necessary for the entrance barrier to be breached can be correlated with strong 
El Nino events in the Pacific Ocean during this time period (Figure 6.2). Conversely, strong 
negative SOI indexes are associated with prolonged dry periods that facilitate lower than 
average river flow and rapid accretion of sediments in the entrance channel through aeolian 
processes. Using the quasi-septennial predictive model, there is sufficient evidence to 
suggest that the next major storm event which facilitates the breaching of the entrance 
barrier may occur in early 2000 or 2001.
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Figure 6.1: Correlation between the condition o f the entrance to the Shoalhaven River and the solar sunspot 
cycle 1936-1996. Entrance index is expressed as 10 when opened by floods, decreasing to 0 when closed by 
a sand barrier between Comerong Island and Shoalhaven Heads. Sunspot data from SIDC (1997)
Figure 6.2: Correlation between the condition o f the entrance to the Shoalhaven River and the Southern 
Oscillation Index 1936-1996. Entrance index is expressed as 10 when opened by floods, decreasing to 0 
when closed by a sand barrier between Comerong Island and Shoalhaven Heads. SOI data from QDPI
(1997)
Figure 6.3: Correlation between the Southern Oscillation Index and Sunspot cycles 1936-1996.
Chapter 6 83
Figure 6.4 Contingency periodogram for the entrance condition through time (T). Broken line indicates 
critical values at the 0.05 level. The variable H, is a measure of entropy that describes the variability in the 
time series (see Legendre et al. 1981 for a detailed discussion).
ENTRANCE ------- 7YR CYCLE r=0.432o>0.001
1936 1939 1942 1945 1948 1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 199(
Figure 6.5: Correlation between the condition of the entrance to the Shoalhaven River and a predictive 
seven (7) year oscillation in the entrance condition. Both indices are expressed as 10 when opened by 
floods, decreasing to 0 when closed by a sand barrier between Comerong Island and Shoalhaven Heads.
Sea levels have been shown to be rising as a function of global warming. The long-term sea 
level trend for the NSW coast (120 years, Fort Dennison) is however only 0.54mm yr'1 (Dr. 
T. Bryant pers. comm.). This infers that sea level has only risen by approximately 32mm 
between 1936 - 1996 in the study area, and as such is unlikely to have greatly influenced the 
effects o f other climatic functions on the Shoalhaven River mouth’s condition. It also makes 
redundant the need to compute potential lateral error in shoreline displacement as measured 
by Shoshany’s £  (see 5.2.5).
6.2.2 Spatial environmental changes at Shoalhaven Heads 1949-1996
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A comparison o f interpreted aerial photography for 1949, 1970 and 1996 (all closed 
periods, Figure 6.6) indicates that geomorphological and habitat change through the that 
time period has been extensive. This is especially obvious on the southern half of the study 
area which has seen a consolidation o f the south western sand dune (A), vegetation invasion 
of the primary sand dune in the south eastern section (B), retraction o f the beach shoreline 
by up to 80m in the northern section o f the study area (C), and a great reduction in the area 
covered by supratidal sands (D). Further comparison between the habitats o f these three 
occasions o f known river closure(1949, 1970, 1996) illustrate that (Table 6.1):
• the area o f supratidal sands was significantly different in all three capture periods.
• the area o f other land had increased by 1970, and little since then.
• the area o f dune vegetation increased slightly by 1970, then significantly by 1996.
• the area o f saltmarsh changed little between 1949 and 1970, then significantly increased 
to its 1996 extent.
• the area o f estuarine water was similar in all three capture dates.
• the area o f supratidal and intertidal sediments was markedly different in all three dates of 
data capture.
• the alignment o f the lagoon and the dune habitat on the north western side o f the lagoon 
(A) have changed dramatically.
Table 6.1. Habitat changes between 1949 and 1996 and the approximate midpoint of 1970. Notice the rapid 
increase in saltmarsh after 1970, the similarity in estuarine water area, the stability of other land after 1970, 
increase in the area of dune vegetation and the fluctuating area of intertidal and supratidal sands.
Habitat 1949 (ha) 1970 (ha) 1996 (ha)
Marine waters 11.3 23.7 20.2
Supratidal sands 110.5 23.5 43.2
Dune vegetation 0.9 2.9 18.4
Saltmarsh 3.5 3.1 13.7
Intertidal flats 41.8 106.9 60.9
Estuarine waters 53.6 54.0 55.9
Other lands 63.3 70.7 72.5
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Figure 6 .6 . Snapshot of temporal geomorphological and habitat change at Shoalhaven heads between 1949 
and 1996. Note the relative positions of the beach front and the stable northern shoreline. Major temporal 
features are;
A- consolidation of the south western sand dune 
B- vegetation invasion of primary southern sand dune 
C- retraction of the beach shoreline by up to 80m 
D- temporal reduction in intertidal and supratidal sands
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6.2.3 Spatial environmental changes at Shoalhaven Heads 1970-1996
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The main focus of this thesis is to examine correlates between environmental change and 
shorebird populations at Shoalhaven Heads between 1970-1996. Interpretation of habitats 
derived from the aerial photograph sequence (Figures 6.7, 6.8) indicates that a number of 
large scale changes occurred through the 25 year study period. These can be summarised as;
• the area of mobile sediments (intertidal and supratidal) varied dynamically through the 
study period, range from 21% to 48% of the study area.
• the area of intertidal flats ranged from 40ha to 107ha.
• the area of supratidal sands ranged from 23.5ha to 75ha.
• the area of dune vegetation ranged from 0.7ha to 18ha, 95% of this increase occurring 
after 1981.
• the area of saltmarsh ranged from 2ha to 14ha, 83% of this increase occurring after 
1981.
• the area of other land only varied by less than 2% during the study period.
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Figure 6.7 Temporal geomorphological and habitat change at Shoalhaven Heads 1949-1996 as derived
from the GIS analysis of aerial photographs depicted in Figure 2.3.
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Figure 6.7 con’t Temporal geomorphological and habitat change at Shoalhaven Heads 1949-1996 as
derived from the GIS analysis of aerial photographs depicted in Figure 2.3
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Figure 6.7 con’t Temporal geomorphological and habitat change at Shoalhaven Heads 1949-1996 as
derived from the G1S analysis of aerial photographs depicted in Figure 2,3
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Figure 6.8, Temporal area graphs of the seven environmental variables measured from the interpreted 
aerial photographs within the GIS for Shoalhaven Heads 1970-1996.
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6.2.3.1 An overview of environmental change 1970-1996
Here I present an overview of the temporal changes in the Shoalhaven estuary 1970-1996, 
which is then followed by analyses of each of the habitat variables.
Using 1970 as arbitrary basal data set, the effects of the barrier dune being breached and 
then rebuilding can be qualified. In the 1970 strip map of the entrance (Figure 6.9), the 
eastward extent of the intertidal flats can be clearly observed. Indeed the distance between 
the ocean high water line and the intertidal sediments is only 63m at the narrowest point. A 
similar scenario is observable in the 1984 and 1986 images, though note that some of the 
intertidal area exposed in 1984 has become infilled. The same stage of the barrier building 
cycle had not been reached in the 1996 image, however field inspection of the study area in 
December 1997 suggests a similar scenario is developing. After the 1974 flood event, the 
entrance channel was scoured to become 390m wide. The northern beach profile remained 
generally unaltered, however the southern beach was heavily scoured, though by 1977, the 
entrance channel had begun infilling. Another storm event in 1978 caused further scouring, 
particularly on the southern entrance. During this period, erosion of the northern beach also 
occurred and dune vegetation was reduced by 68%. Nevertheless by 1980 the entrance was 
closing rapidly and had returned to near its 1970 profile by 1981. Dune vegetation on the 
northern barrier began to re-establish and by 1984 sections of the southern dune had also 
been colonised by vegetation. The floods of the 1970s deposited a large number of tree 
trunks, washed down the Shoalhaven River, on the southern dune. Although most of these 
trees were deposited on the inside of the beach dune, a number were also washed on to the 
front o f the dune. The logs were piled upon each other and aligned in a north-south 
direction. Vestiges of this event can occasionally be found protruding from the frontal dune 
during winter storms. Through the late 1970s and early 1980s on shore currents and aeolian 
driven sands built slowly on this mass, the trees presumably acting as a sediment stabiliser. 
The southern dune was gradually invaded by an ever increasing variety of plant species and 
was at the end of the study period almost completely covered with vegetation typical of that 
found on the frontal dune of Comerong Island itself. The northern dune vegetation has also 
consolidated since the 1981 closure. Some artificial planting by Dune Care volunteers has 
assisted in this stabilisation. Between 1984-1988 the beach continued to accrete and
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prograde north and south of a central notch in relation to the 1970 profile ( point A figure
6.9). As mentioned in 2.4.1 progradation rates of up to a metre per year were suggested by
Wright (1977) and Ponsford et a l  (1988) during this stage of beach realignment. Such
accretion will of course vary along the beach front. These results show that average
progradation rates of up to 10m per year have occurred along the northern beach and 6m
per year on the southern beach between the closure of 1981 and 1986 (Figure 6.9). These
rates are extraordinary and require further analysis beyond the scope of the this thesis. For
the northern beach, the difference between the 1993 and 1996 images is between 80-120m
at the widest section, indicating average accretion rates of 26-40m per year.
Figure 6.9. Temporal strip mapping 
of the entrance to the Shoalhaven 
River and the beach profile of 
Comerong Beach 1970-1996.
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6.2.3.2 Marine waters 1970-1996
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The area of marine water in the study area is a function of the entrance condition and the 
eastward extension of the beach front. Clearly, when the entrance is open the surface area of 
marine waters present was greater than when the entrance was closed (Figure 6.7, 6.8), 
Linear regression of the time since entrance breaching against surface area of marine water 
in the study area was highly significant explaining 63% of the variation through time (Figure 
6 . 10) .
Figure 6.10. Regression analysis of time since the entrance barrier was breached by floods and the surface 
area of marine water in the study area as mapped from the GIS. Linear regression FU0=16.95, p=0.002; 
r2=0.629. Two cycles of the open/closed regime are included.
The initial 1989 flood scoured a narrower (117m), deeper channel through the barrier than 
in 1974 (PWD 1989). Nevertheless, at its widest point along the arbitrary marine/estuarine 
interface used in this thesis (see 2.3), the entrance is 526m wide in 1991 (Figure 6.9). 
During this period the total area of beach was also significantly reduced, in effect increasing 
the area of marine water in the study area. In 1993, the above mentioned accretion rates had 
begun rebuilding the southern barrier and closure of the entrance was completed in January 
1995. By January 1996, the beach profile had returned to a position similar to that of the 
1970 base image and the area of marine water was also similar (Figure 6.9).
6.2.3.3. Supratidal sands 1970-1996
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A temporal analysis o f the area o f supratidal sands in the study area has been partially 
discussed above in 6.2.3.1 and below in 6.2.3.5. This section briefly describes the spatial 
distribution of supratidal sand through the study area as a whole.
Supratidal sands are generally distributed by aeolian processes and onshore wave transport 
of material deposited in inshore waters during the opening phase of the estuary. During the 
closing phase of the estuary, two infilling arms develop on the northern and southern shores 
of the entrance channel (Figure 6.6). These arms progressively accumulate sands until the 
channel is completely blocked. At the initial time of closure some further accretion of sands 
occurs during wash over periods of high tide and the area of supratidal sands in the entrance 
channel window is extensive (compare the 1981 and 1996 maps in Figure 6.7 and 6.8). It 
would appear that predominately westerly winds of the late austral winter and spring move 
sands from the western side of the barrier onto and over the main dune. This consequently 
creates a shallower environment on the western dune which becomes intertidal (compare 
1981, 1984, 1986 Figure 6.7, 6.8). A similar scenario can be suggested for the pre-1970 
cycle based on a 1968 image which only shows part of the entrance channel. In this image 
the supratidal sands appear to extend further west than in the 1970 image. Similarly the 
dredged notch on the western side of the barrier dune in the 1996 image had disappeared by 
mid 1997 (personal observation) and the area of intertidal flats appeared to extend much 
further to the east. This is based on visual interpretation of the area in the field in December 
1997.
The overall temporal pattern in the distribution of supratidal sands is difficult to discern. 
Attempts to statistically explain the total supratidal sediment area as a function of time since 
opening were unsuccessful (Figure 6.11, linear regression; Fuo = 0.31, p=0.592, r2=3%). 
Although some of this variability can be explained by the build up of the southern dune and 
its subsequent vegetation, taking this into consideration accounted for <4% of the observed 
variation. It can therefore be suggested that the area of supratidal sands within the study 
area is a function of processes not necessarily correlated with the opening regime of the 
Shoalhaven River.
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Figure 6.11. Regression analysis of time since the entrance barrier was breached by floods and the surface 
area of supratidal flats in the study area as mapped from the GIS. Linear regression Fuo=0.13, /?=0.722; 
r2=0.013. Two cycles of the open/closed regime are included.
6.2.3.4. Dune Vegetation 1970-1996
As alluded to above, the area of dune vegetation has increased significantly through the 
study period. From a temporal perspective, there was a decrease in dune vegetation in the 
study area between 1970-1980. Since 1981 however, the dune vegetation both the northern 
and southern sections of the barrier have increased (Figure 6.7, 6.8). On the northern shore, 
the expansion of dune vegetation south from Shoalhaven Heads and westward along the 
northern entrance arm can clearly be observed since 1986 (Figure 6.7). This expansion has 
been assisted by volunteers from Dune Care planting frontal dune. The islets along the arm 
were colonised naturally and now have a diverse flora which has stabilised this arm to a 
height of nearly two metres. Even during the height of the 1988 flood this islet survived and 
had re-connected to the mainland by 1991 (see 1989 and 1991 image in Figure 6.7).
The southern section of the barrier dune developed as a function of the log jam deposited 
after the 1974 and 1977 floods as described above (6.2.3.1). Changes of the dune 
vegetation occurred between 1984 and 1991 (Figure 6.9) and is now over three metres 
above sea level and between 210m and 250m wide. Between 1991 and 1996 the open 
nature of the entrance appears to have thwarted further northern migration of the dune, and
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the pre-dune hummocks that formed (see 2.4.1) were subsequently eroded before pioneer
plant species could establish themselves. Since 1996, vegetation expansion of both the 
northern and southern dune sections has recommenced (personal observation in December 
1997) though no imagery is presently available to quantify this. In terms of time since 
entrance breaching, no significant relationship was found between the area of dune 
vegetation and time (Figure 6.12)
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Figure 6.12. Regression analysis of time since the entrance barrier was breached by floods and the area of 
dune vegetation in the study area as mapped from the GIS. Linear regression F1>10= 0.32, /?=0.587; r2=0.031. 
Two cycles of the open/closed regime are included.
6.2.3.S. Saltmarsh 1970-1996
A large area of saltmarsh existed on the south-western corner of Comerong Lagoon in 1949 
(Figure 6.6). This are is now vegetated with Sea Rush, though in the 1949 image this area 
appears to somewhat pale in tone and was probably covered with Samphire. In 1970 the 
only discernible area containing saltmarsh was this same south western corner. No further 
colonisation of saltmarsh appears until after I began field investigations of the area in 1981. 
At this time a small saltmarsh was developing in the lee of the newly forming barrier dune 
on the south eastern corner of the lagoon. This marsh subsequently expanded northward 
with the establishment and stabilisation of the southern section of the barrier dune by 1984. 
Initially consisting of nearly pure Samphire, diversification of the saltmarsh flora has 
continued so that at the end of the study period, Samphire was a minor component of this 
area. Indeed, in 1989, after the re-opening of the entrance, the first mangroves germinated
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in this section of the lagoon. Although they were not readily detectable in the 1996 aerial
photograph, Grey Mangroves have increased their population along this section of the 
lagoon so that they now form a grove through which walking is difficult (field observation 
in December 1997).
Once the marsh had stabilised sediment along the eastern side of the lagoon, sediment began 
to accrete along the shore and was subsequently occupied by samphire. Samphire also 
facilitates accretion of fluvial and aeolian sediments. As the marsh began to migrate 
westward into the lagoon, sea rash invaded the interface of the marsh and the barrier dune 
(Figure 6.13). During this period (1984-1996) the rushland component of the saltmarsh 
likewise expanded westward, out-competing the Samphire as sediment accreted. In 1989, I 
first noted Swamp Oak germinating at the back of the rushland in a single linear grove. This 
grove of trees was over three metres high at the end of the study period, though it still 
consisted of only a narrow row of trees between the basal lee of the dune and the rushland 
(Figure 6.13).
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Figure 6*13. The southern barrier dune in 1989 with the outline of the 1996 habitat extents. Solid bar shows 
the area represented by the 400 metre dune cross-sectional profile on the right. Data are metres east from 
the profile co-ordinate 293800 E, 6139100 N for each habitat encountered in each year analysed in the GIS. 
Analysis of mapped habits was completed in SPANS Explorer. The graphic illustrates how the saltmarsh 
and dune vegetation have invaded the southern barrier and evolved through time.
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It is interesting to note that although this area of saltmarsh has continually migrated
westward since 1986, the width and area remained relatively constant though the study
period (Figure 6.7, 6.9, 6.13).
A second important saltmarsh developed on the north-western corner of the lagoon after 
1985. I first recorded Samphire growing at this site in the winter of that year, and 1.2 ha 
was calculated from the 1986 image. This area of saltmarsh increased rapidly to 4.7 ha in 
1989, 6.6 ha in 1991, 7.0 ha in 1993 and then decreased to 5.5 ha in 1996. During this last 
three year period, the Samphire was out-competed by Creeping Spinifex and Coastal Rush, 
with Swamp Oak and Coastal Banksia also establishing along the small dune behind this 
marsh. The emergence of dune vegetation on the frontal slope of this dune indicates 
progradation of the land area. In 1981, this marsh was continuously inundated during high 
tide. At the end of the study period, only king tides above 1.8m AHD partially immersed the 
saltmarsh. This confirms the accretion of sandy sediment at this site during that 15 year * 
interval.
No saltmarsh communities developed north of the entrance channel during the 25 year study 
period.
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Figure 6.14. Regression analysis of time since the entrance barrier was breached by floods and the area of 
saltmarsh in the study area as mapped from the GIS. Linear regression Fuo=0.04; p=0.839; r2=0.04. Two 
cycles of the open/closed regime are included.
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Overall it can be stated that saltmarsh has increased in the study area through the study 
period in a non-linear fashion (Figure 6.8). Regression analysis of the area of saltmarsh 
against time since opening showed no linear relationship (r2=0.012), which can be partially 
explained by the rapid increase in this habitat since 1986 (Figure 6.14).
The spatial distribution of the saltmarsh species is being threatened by the accreting 
sediment around the lagoon periphery, and its subsequent replacement with mangroves, 
rushland and dune vegetation. In the middle of the lagoon, saltmarsh became established on 
an emerging islet in 1995 and had increased its extent since then to cover 0.1 ha in 1996. 
Field observations in December 1997 indicated this area has increased, though a number of 
mangrove shrubs were also growing on this newly emerged islet. The samphire areas of the 
lagoon were important roosting sites for several of the shorebird species discussed later in 
this thesis, particularly Pacific Golden Plover and Double-banded Plover.
6.2.3.6 Intertidal flats 1970-1996
Intuitively the area of intertidal flats available in the study area would be the most likely 
habitat variable to influence shorebird populations. Analysis of the area of intertidal flats 
mapped between 1970-1996 demonstrates the dynamic temporal nature of this habitat 
within the Shoalhaven estuary (Figure 6.7, 6.8). The area of intertidal flat would appear to 
be primarily governed by the openness of the entrance channel and years since the last major 
flood. To test this I first separated the area of intertidal flat obtained from the GIS output 
into years since the known opening of the entrance. Data for two cycles are available 1974­
1987 and 1988-1996. The correlation coefficient for each cycle was calculated (r=0.78 & 
0.961 respectively), and the resultant coefficients compared for similarity using procedures 
outlined in Zar (1984). There was no significant difference between the two coefficients 
(Z=0.834, p>0.20) and so a common or weighted coefficient of rw = 0.991 could be 
approximated. Furthermore, a simple linear regression of the area of intertidal flat against 
year since opening explained 64.5 % of the variation ( Figure 6.15) strongly supporting the 
hypothesis o f a linear increase in tidal flats once the entrance closes.
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Figure 6.15: Linear regression analysis of time since flood breaching of the barrier dune and area of 
intertidal flats at Shoalhaven Heads 1970-1996. Linear regression Fj i0=18.2,/>=0.002; r2=0.645. Two 
cycles of the open/closed regime are included.
In Chapter 5 ,1 suggested that intertidal flats increased greatly once the entrance barrier was 
complete. Analysis of the data (Figures 6.7, 6.15) do not support this hypothesis however. 
Rather the area of intertidal flat had grown in a fairly linear fashion through time, the 
previous assertion probably being a subjective artefact of the visual impact of the river 
closure and an apparent increase in intertidal flats between the northern and southern shores 
of the entrance channel.
To test this theory I examined the changes in the area of intertidal and supratidal sediments 
in the entrance channel window (Figure 6.16b). This analysis indicated a much greater 
complexity of temporal sediment distribution. This is the area most directly affected by 
breaches of the barrier bar during flood events. The data show that within this window 
(Figure 6.16a,b) intertidal flats increased rapidly once the entrance was closed, as I had 
previously suspected. The observed changes can be described as follows for the study 
period;
Once the entrance opened in 1974, the area of intertidal flats decreased significantly. 
The intertidal flats were further reduced by follow up floods in 1977, however 
supratidal flats increased during this period. Between 1979 and 1993 supratidal flats 
decreased. This was despite the consolidation of the southern half of the barrier 
dune by vegetation and the closure of the entrance dune between 1981-1988. 
Conversely, after the entrance closure in 1981, the area of intertidal flats increased
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and equalled their pre-1970 extent of coverage. Once the entrance was opened again
in 1988, the area of intertidal flats decreased almost instantaneously. The trend of
rebuilding of the intertidal area is nevertheless similar for the post 1980 and post
1990 periods. This trend suggests that the pre-1974 extent of intertidal flats may be
reached by 1998.
— intertidal — supratidal SEdifference
Figure 6.16: The entrance channel window a used to collect statistics on the relative coverage intertidal 
flats in the entrance channel of Shoalhaven Heads 1970-1996 and b a graphical representation of changes 
in supratidal and intertidal flats within that window.
Another factor to be considered is the increase in saltmarsh (detailed in 6.3.4), which 
populated accreting areas of intertidal flat. Although the temporal increase of saltmarsh and 
dune vegetation has decreased the total area available for accretion of fluvial sediments, the 
linear trend of available intertidal flat data is similar during the two periods of entrance 
closure. This means that the area o f intertidal flats has generally decreased during the course 
of the 25 year study period, at the expense of expanding dune vegetation and saltmarsh.
6.2.3.7 Estuarine waters 1970-1996
Estuarine waters as described herein cover the low tide water area west of 294000E (Figure 
6.8). As with the marine waters, it could be predicted that the area covered by this habitat 
would increase when the entrance was open. Regression analysis of this relationship agreed 
with this hypothesis, explaining 68% of the variation of the variable in the study area 
through time (Figure 6.13). Although the area of low tide water does not in itself provide 
any habitat for the shorebirds discussed in this thesis, it does facilitate the prolific growth of
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seagrasses , macroalgae and as a by-product, intertidal invertebrates, particularly during the
closed phased of the entrance channel.
Figure 6.17. Regression analysis of the habitat variable “estuarine water” against time since the entrance 
barrier is breach by floods. Linear regression Fuo=23.1, /?>0.001; r2=0.697. Two cycles of the open/closed 
regime are included.
6.2.3.8 Other land 1970-1996
The area of the habitat variable “other land” did not change by more than 2 ha through the 
study period (Figure 6.8). This small difference can be attributed to the mapping process 
error and a small expansion of the land variable to the west of the lagoon which displayed a 
small eastward expansion through the study period. There was also an unavoidable mapping 
variation between the dune and land interface at both the northern and southern ends of the 
barrier dune through time. Most of this variation was due to consolidation of vegetation at 
the southern end of the dune between 1970 and 1989.
6.2.4 Developing a model to explain variation in habitat 1970-1996
The preceding discussions suggest that a suitable model could be developed to explain the 
relationship of habitat variability as a function of time since entrance breaching. Using 
forward stepwise multiple regression techniques as described in section 5.6, it was found 
that intertidal flats, estuarine waters and marine water had significant partial regression 
coefficients. This allowed a multiple regression model to be built using these variables 
(Table 6.2). A final regression equation for describing the time since opening of the entrance
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is: yr since = 19.3 - 0.236 marine - 0.128 estuarine + 0.0277 intertidal which explains 87% of the
habitat variation as a function of time since breaching.
Table 6.2 Regression results for multiple linear regression model explaining the entrance condition (in 
years since breaching) using the three best habitat predictors as determined from stepwise regression using 
MINITAB (McKenzie e t  al. 1995).
Predictor Coef Stdev t-ratio P
Constant 19.292 6.093 3.17 0.013
marine -0.236 0.088 -2.68 0.028
estuarine -0.127 0.051 -2.47 0.038
intertidal 0.027 0.037 0.75 0.047
s -  1.674 R-sq = 87.1% R-sq(adj) = 82.3%
Analysis of Variance
SOURCE DF ss MS F p
Regression 3 151.59 50.530 18.04 0.001
Error 8 22.41 2.801
Total 11 174.00
SOURCE DF SEQ SS
marine 1 114.440
estuarine 1 35.596
intertidal 1 1.556
6.3 Spatial Error
As illustrated in Chapter 5 (Figure 5.2), the cumulative error involved in transferring 
information from a photographic image for use in temporal abiotic studies has the potential 
to be quite large. All maps, regardless of their method of production (cartographic, GIS) 
contain spatial error (Blakemore 1984, Goodchild & Hunter 1997). Knowing where these 
potential errors are and providing some measure of their extent is essential for final reports 
using an integration of remote sensing and GIS technologies. Concomitantly, an estimated 
measure of habitats that are dynamic and variable in their true nature is also essential if we 
are to use these variables in the assessment of the correlating abiotic and biotic functions. It 
is therefore also essential to ackno wledge the degree of spatial error encountered during the 
process of habitat modelling and realise that the final figures used in analysis are estimates 
o f areal entities rather than an exact measure of their extent.
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The estimated potential error ( ¥ )  for the area calculations of each habitat for each scene 
processed (Table 6.4) illustrate that in general, the smaller the area of habitat, the greater 
the estimated areal error ¥  (Figure 6.18). This relationship agrees with Dunn et a V s (1990) 
method in which the smaller and more numerous the polygons within habitat type, the 
greater the estimated potential error in that habitat. It would appear then that the logic 
based error assessment used herein is not a characteristically different method for estimating 
potential error in habitat area via the digitising process (Figure 6.19).
Table 6.4. Spatial error estimates for each habitat type mapped for Shoalhaven Heads study area 1949­
1996.
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Year Habitat number of E habitat E habitat w s estimated estimated error,
polygons perimeter area (ha) area of epsilon area (ha)±T
(n) / (km) uncertainty
(ha)
1949 marine 2 3.68 10.1 4 1.47 10.1 ±0.74
supratidal 11 19.70 110.2 4 7.88 110.2 ±3.94
dune 3 1.34 1.6 4 0.54 1.6 ±0.27
intertidal 1 22.04 42.3 4 8.82 42.3 ±4.41
saltmarsh 14 1.20 3.5 4 0.48 3.5 ±0.24
estuarine 8 18.98 52.7 4 7.59 52.7 ±3.80
other land 3 11.84 63.6 4 4.72 63.6 ±2.37
TOTAL 42 15.76
1970 marine 1 4.31 23.7 4 1.72 23.7 ±0.86
supratidal 4 14.80 23.5 4 5.92 23.5 ±2.96
dune 5 2.20 2.9 4 0.88 2.9 ±0.44
intertidal 3 1.10 106.9 4 7.61 106.9 ±3.80
saltmarsh 2 19.02 3.1 4 0.44 19.0 ±3.80
estuarine 9 20.13 54.0 4 8.05 20.1 ±4.03
other land 2 11.37 70.7 4 4.55 11.4 ±2.27
TOTAL 24 29.17
1974 marine 1 4.44 36.0 4 1.76 36.0 ±0.89
supratidal 3 10.39 28.9 4 4.15 28.9 ±2.08
dune 5 1.84 2.5 4 0.74 2.5 ±0.37
intertidal 8 16.77 61.3 4 6.71 61.3 ±3.35
saltmarsh 1 1.08 2.8 4 0.43 2.8 ±0.21
estuarine 7 12.47 83.2 4 4.98 83.2 ±2.49
other land 2 11.07 70.2 4 4.42 70.2 ±2.21
TOTAL 27 23.22
1977 marine 1 4.52 34.3 4 1.81 34.3 ±0.90
supratidal 4 13.48 47.0 4 5.39 47.0 ± 2.70
dune 3 0.95 1.0 4 0.38 1.0 ±0.19
intertidal 8 15.57 62.0 4 6.23 62.0 ±3.21
saltmarsh 1 1.07 3.0 4 0.41 3.0 ±0.21
estuarine 2 16.11 68.0 4 6.44 68.0 ±3.22
other land 2 11.10 68.3 4 4.44 68.3 ±2.22
TOTAL 21 25.10
1979 marine 1 5.23 34.8 4 2.09 34.8 ± 1.05
supratidal 5 17.4 74.8 4 6.96 74.8 ±3.48
dune 1 0.73 0.7 4 0.29 0.7 ±0.15
intertidal 15 20.25 40.4 4 8.10 40.4 ± 4.65
saltmarsh 1 0.84 1.3 4 0.34 1.3 ±0.17
estuarine 7 16.8 64.3 4 6.70 64.3 ±3.37
other land 2 10.97 67.9 4 4.38 67.9 ±2.19
TOTAL 32 33.29
1980 marine 1 4.54 32.3 4 1.82 32.3± 0.94
supratidal 10 16.69 58.4 4 6.68 58.4± 3.34
dune 1 0.69 0.7 4 0.27 0.7± 0.14
intertidal 7 17.53 3.3 4 0.69 3.3± 0.34
saltmarsh 2 1.72 63.5 4 7.01 63.5± 3.57
estuarine 7 16.18 56.1 4 6.47 56.1± 3.24
other land 2 10.82 70.6 4 4.33 70.6± 2.16
TOTAL 32 27.26
continued
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Year Habitat number of 
polygons 
(n)
£ habitat 
perimeter 
/ (km)
£ habitat 
area (ha)
w e estimated 
area of epsilon 
uncertainty 
(ha)
± estimated 
error (ha) 
W
1984 marine 1 4.26 15.2 4 1.70 15.2± 0.85
supratidal 11 19.38 44.3 4 7.75 44.3± 3.82
dune 5 3.22 3.1 4 1.28 3.1± 0.84
intertidal 9 23.71 91.8 4 1.16 91.8± 1.04
saltmarsh 2 2.90 5.1 4 9.49 5.1± 4.41
estuarine 4 13.71 53.3 4 5.48 53.3± 2.48
other land 2 10.86 71.4 4 4.34 71.4± 2.30
TOTAL 34 31.23
1986 marine 1 4.22 17.1 4 1.69 17.1± 0.84
supratidal 20 19.11 44.3 4 7.64 44.3± 3.82
dune 8 4.2 3.9 4 1.68 3.9± 0.84
intertidal 8 22.05 84.6 4 8.82 84.6± 4.41
saltmarsh 3 5.2 8.4 4 2.08 8.4± 1.04
estuarine 2 12.39 54.0 4 4.95 54.0± 2.48
other land 2 11.49 71.8 4 4.59 71.8± 2.30
TOTAL 44 31.47
1989 marine 1 4.74 28.2 4 1.89 28.2± 0.95
supratidal 11 14.36 27.1 4 5.74 27.1± 2.87
dune 9 7.91 14.1 4 3.16 14.1± 1.58
intertidal 13 14.13 24.1 4 2.26 24.1± 2.83
saltmarsh 3 5.66 10.8 4 5.65 10.8± 1.13
estuarine 1 11.24 106.9 4 4.49 106.9± 2.25
other land 2 11.43 72.9 4 4.57 72.9± 2.29
TOTAL 40 27.79
1991 marine 1 4.49 36.0 4 1.77 36.0± 0.90
supratidal 8 15.39 28.8 4 6.16 28.8± 3.08
dune 4 4.57 14.8 4 1.83 14.8± 0.91
intertidal 3 21.13 4.8 4 8.45 4.8± 1.05
saltmarsh 11 5.28 12.5 4 2.12 12.5± 4.32
estuarine 3 18.36 68.8 4 7.34 68.8± 3.28
other land 3 11.33 74.7 4 4.43 74.7± 2.32
TOTAL 33 32.22
1993 marine 1 4.53 31.1 4 1.87 31.1± 0.90
supratidal 2 6.36 24.3 4 2.54 24.3± 1.27
dune 4 4.46 15.2 4 1.78 15.2± 0.89
intertidal 3 21.62 50.9 4 2.10 50.9± 1.05
saltmarsh 5 5.25 13.0 4 8.65 13.0± 4.32
estuarine 1 16.39 74.4 4 6.55 74.4± 3.28
other land 2 11.59 74.9 4 4.64 74.9± 2.32
TOTAL 18 28.08
1996 marine 1 4.29 16.4 4 1.72 16.4± 0.86
supratidal 5 15.87 43.4 4 6.35 43.4± 3.17
dune 6 7.67 18.3 4 3.07 18.3± 1.53
intertidal 5 20.99 60.9 4 8.40 60.9± 1.27
saltmarsh 7 6.36 13.9 4 2.54 13.9± 4.20
estuarine 6 16.83 55.6 4 6.73 55.6± 3.37
other land 2 11.36 76.2 4 4.54 76.2± 2.27
TOTAL 32 33.35
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Figure 6. Scatter plot of the percentage area uncertainty due to potential digitising error against the mean 
of the habitat area for this study.
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Figure 6.19 Scatter plot of the percentage area uncertainty due to potential digitising error against the total
habitat area for A. this study and B. from Dunn e t a l (1990).
6.3 Shorebird population Change at Shoalhaven Heads 1970-1996
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In this section I present the results of 25 years of population monitoring of the five 
shorebird species previously described. Each species is discussed individually followed by 
an analysis of the five species populations as a whole. During the study period, the five 
species reported herein were generally confined to foraging and roosting within an area 
roughly between the northern shoreline of the entrance and the southern side of the 
developing islet in Comerong Lagoon (Figure 6.19). Although the actual area used by these 
shorebird species varied from year to year with the evolving habitat of the estuary, it is 
remarkable that all five species should be restricted to using such a small area of the entire 
Shoalhaven/Crookhaven estuary, over such an extended period of time. During my period 
of field study (1981-1996), there was no long-term increase in human recreational activity 
in the study area. Between 1985 and the flood of 1988, recreational vehicles were 
beginning to cause some disturbance problem on the intertidal area at low tide (Kingsford 
1990). This problem was resolved when the entrance was breached in April 1988. It can 
therefore be concluded that any change in populations of the shorebirds over the 25 year 
study period is a function of environmental change in the estuary, and extralimital 
variations in the migrating species’ populations on their breeding grounds and along the 
East Asian/Australasian Flyway.
through the study period (see 6.2.2)
Figure 6.19. The area of the study area primarily used by the five shorebird species discussed in this thesis
for foraging and roosting. Note the almost complete lack of use of the northern side of the entrance channel
Also note that the habitat on the southern barrier dune occupied by vegetation was not continuously vegetated
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A preliminary investigation of the relationships between the shorebirds and the habitats
(Table 6.5) indicate that other land is highly correlated with supratidal sands, dune 
vegetation and saltmarsh. None of the shorebirds show any relationship with that variable, 
which is predictable as none used this variable during the study period. This variable is 
therefore not considered hereafter in the analysis of birds and habitat. Also, perhaps as 
would be expected, there was a strong correlation between intertidal flats and marine and 
estuarine water. This indicates that any model proposed that uses more than two of these 
three variable must be interpreted with caution due to problems of multicollinearity 
between the variables (Zar 1986, Mendenhall & Reinmuth 1978). Collinearity also exists 
between supratidal sands and dune vegetation, and dune vegetation and saltmarsh. 
Although dune development directly reduced the area of supratidal sands after 1984, the 
relationship between dune vegetation and saltmarsh is not as clear. Interestingly, there is no 
collinearity between any of the shorebird species.
Table 6.5 A correlation matrix o f the five shorebird species and seven habitat variable used in this study to 
examine the relationship between habitat change and shorebird change at Shoalhaven Heads 1970-1996. 
Figures in bold represent significant correlation at the 0.05 level for Pearson’s product-moment correlation 
coefficient (Zar 1986). The variables are:
Habitat variable Shorebird species
Other other land RCP Red-capped Plover
Mar marine waters Stints Red-necked Stint
Est estuarine waters PGP Pacific Golden Plover
Supra supratidal sands LSP Lesser Sand Plover
Dune dune vegetation DBP Double-banded Plover
Salt saltmarsh
Inter intertidal flats
Other !Mar iEst !Supra jDune -Salt !lnter ;RCP iStints jPGP !DBP
Mar -0.131! .......... l ........... 4 ............
Est 0.280! 0.543! .......... ..............i. .......... i ...........i............
Supra -0.754! 0.040! -0.435! .......... .......... i ...........i............
Dune 0.822! -0.054! 0.366! -6.531! .......... :. ..........4...........i............
Salt ...0.857I -0 .1 2 1 ! 0.276! -0.469; 0.969! .......... .......... i ...........;............
Inter -0.151! -0.665! -0.724! -0.090! -0.450! -6.413: .......... 4 ........... ; ............
RCP.... "'-ai25l -0.389; -0.131! -0.285! -0.352! -6.403! 0.626! • .......... i ...........i............
Stints -0.288! -0.382! -0.178| 0 .2 0 1 ! -0.361: -0.259: 6.305! 6.139!
PGP.... ...0*422! 0.228! -0.2611 0.267! 0.362! -0.026: -6 .1 0 1 ! 0.366!
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6.3.1 Temporal changes in Pacific Golden Plover 1970-1996
Pacific Golden Plover populations changed significantly through time in the study area. 
This species showed a strong affiliation with saltmarsh communities throughout the study 
period, using this habitat almost singly as a roost site. During the study period, diurnal 
foraging was infrequently observed, regardless of the tidal condition. The literature 
suggests this species forages regularly at night on surface feeding crustaceans and dipterans 
(del Hoyo et al. 1996). The mean summer population ranged between 42 and 225 (Figure 
6.20). The species was only observ ed on the northern and eastern shores of the lagoon and 
the intertidal flats on the southern side of the entrance channel, it not being observed on the 
northern side of the entrance channel during any of my 67 diurnal summer counts. A 
gregarious species, the whole summer flock was found either roosting or, occasionally 
feeding, as a whole group. There was a continuous sequential summer population increase 
between 1977/78 and 1990/91, followed by a steep decline to 1993/94. Since that summer 
the population again showed small increasing trend.
Figure 6.20. Temporal mean summer populations of Pacific Golden Plover 1970-1996, compared with 
variation in four habitat variables monitored over the same study period. Data are for the whole of the 
Shoalhaven Heads study area. The shaded area is representative of periods when the entrance channel was 
open to the sea. January of each year is represented on abscissa axis. Variables illustrated are; a - dune 
vegetation, b - saltmarsh, c - intertidal flats, d - estuarine waters.
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Until 1993 there was an almost linear correlation between the increase in saltmarsh habitat 
and the Pacific Golden Plover population (Figure 6.20b), thereafter the population crashed. 
This decline was closely associated with the decline of the relative percentage of estuarine 
water in the entrance channel during the second cycle of entrance closure during the study 
period. However as no similar association occurred during the closure of the first cycle, no 
definitive statement can be made concerning this event. Nevertheless, if the population and 
second cycle are analysed independently of the first cycle, there is a strong correlation 
between the Plover population and the area of water in the entrance channel (r=0.752, 
p=0.05, Figure 6.20c). The decline in this species may have been due to several reasons; 
there may have been a crash in the Arctic breeding grounds, habitat quality in the study 
area declined, or birds simply moved elsewhere.
Pacific Golden Plover populations began to increase once the entrance channel had closed 
after both open phases of the study period. It would appear that the time series of this study 
needs to be extended to at least the next opening phase before a suitable model to explain 
the plover population can be formulated.
Further analysis of the data in terms of years since the entrance was breached by 
floodwaters reveals an interesting pattern. Using stepwise multiple linear regression 
procedures outlined in 5.6 , none of the habitat variable were significant in terms of their 
partial regression coefficient (Table 6.6), thus no suitable model can be suggested in 
relation to the habitat parameters measured using the GIS. Similarly there is no linear 
correlation in terms of the plover population as a function of time since entrance breaching 
(r = 0.077, /?>0.5). However, using a second order polynomial regression, a highly 
significant relationship between the population and years since breaching is indicated (r2 = 
0.408, />=0.001). Examination of the data shows that for the two breached/closed phases 
recorded in this study, the plover populations were low when the entrance was open and 
high both immediately before and after the breaching events (Figure 6.21). This would 
seem to infer that Pacific Golden Plovers occurrence in the study area is not related to 
habitat variables per se, but rather, the generalised condition of the entrance.
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Table 6.6. Results from multiple linear regression model explaining Pacific Golden Plover population and the 
five environmental variables measured in this study. Non o f the variables were found to be significant using 
forward stepwise procedures in MINITAB (McKenzie et al. 1995), as is bom out here by examining the 
partial regression coefficients (t-ratio’s). The variance inflation factor was high for all variables suggesting 
the presence o f multicollinearity.
Predictor Coef Stdev t-ratio P
Constant 1592 4633 0.34 0.745
Marine water -12.49 22.46 -0.56 0.602
Estuarine water -4.40 21.29 -0.21 0.844
Supratidal -6.86 19.78 -0.35 0.743
Dune veg -21.02 19.91 -1.06 0.339
Saltmarsh 9.90 39.14 0.25 0.810
Intertidal flats -7.49 21.77 -0.34 0.745
s = 48.13 R-sq = 64.2% R-sq(adj) = 21.3%
Analysis o f  Variance
SOURCE DF SS MS F P
Regression 6 20789 3465 1.50 0.338
Error 5 11582 2316
Total 11 32371
Figure 6.21. Relationship between mean Pacific Golden Plover population and time since the entrance barrier 
was breached by floodwaters. Trend line was almost zero for using linear correlation, however a 2 order 
polynomial regression shows a significant relationship.
It is also noteworthy that, as discussed in 6.2.3.4, the area of saltmarsh on the eastern side 
of the lagoon is being invaded by mangroves. The strong association the Plover showed for 
roosting within this saltmarsh is therefore threatened in itself. At the conclusion of the 
study period, the emergent islet in the middle of the lagoon was becoming occupied with
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saltmarsh species, particularly the dominant and preferred samphire. The flock was 
observed roosting on this islet in March and December 1997 and it may come to pass that 
the middle of the lagoon becomes a future roost site for this species. Although the species 
occasionally was found in the north western saltmarsh, this habitat was not a often used as 
the eastern saltmarsh.
The above analysis was conducted with the whole study area in mind. If however only the 
main foraging area described in 6.3 is examined (Figure 6.19), we find that this area too, 
provides no satisfactory explanation for the variation in the plovers population through 
time as a function of environmental variation through time (Figure 6.22).
|— Pacific Golden Plover ^supratidal ♦intedidal Oestuarine |
Habitat r significance
intertidal 0.068 ns
supratidal -0.376 ns
estuarine 0.247 ns
saltmarsh 0.314 ns
ns=not significant
Figure 6.22. Temporal mean summer populations of Pacific Golden Plover 1970-1996, compared with 
variation in four habitat variables in the foraging zone of the study area.
6.3.2 Temporal changes in Lesser Sand Plover 1970-1996
During the study period, only individuals of the race Charadrius mongolus mongolus were 
observed using the study area. As mentioned in 3.4.5, this species is rapidly declining in its 
population within NSW, and that trend is plainly obvious from the results of this study for 
the Shoalhaven population. Lesser Sand Plover were mainly observed foraging within the 
area of supratidal sands and in the intertidal flats during the ebb tide. They were rarely 
observed foraging in the intertidal flats during the flood tide. Even so, when foraging on 
the ebb tide they stayed well back (>=5m) from the tide line, preferring to follow the 
interface of the wetter and drier flats as the tide retreated. Roosting generally occurred 
within depressions on the supratidal flats or behind wrack on the beach. During periods of 
strong winds, the plovers roosted in the saltmarsh on the north western comer of the 
lagoon. Prior to the development of this marsh in 1985, I was often unable to locate this
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species at high tide. Visual interpretation of relationships between theplover and the 
environmental variables measured in this study suggest a positive relationship between 
supratidal sands and intertidal flats and the population. There is also some suggestion of a 
negative relationship with the development of dune vegetation (Figure 6.23).
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Figure 6.23. Temporal mean summer populations of Lesser Sand Plover 1970-1997, compared with variation 
in four habitat variables monitored over the same study period. Data are for the whole of the Shoalhaven 
Heads study area. The shaded area is representative of periods when the entrance channel was open to the sea. 
Variables illustrated are; a - supratidal sands, b - dune vegetation, c - saltmarsh, d - intertidal flats.
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Examination of correlation’s with the feeding area (Figure 6.19) suggest that both the area 
of intertidal flats available and the area of supratidal sands are correlated to some degree 
with the population of Lesser Sand Plover, however only intertidal flats was near 
significance at the 95% interval (Figure 6.24)
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Figure 6.24. Temporal mean summer populations of Lesser Sand 
in four habitat variables in the foraging zone of the study area.
Habitat r significance
intertidal -0.578 *
supratidal 0.505 ns |
estuarine -0.319 ns
saltmarsh -0.167 ns
ns=not significant 
* significant at 0.05 level
Plover 1970-1996, compared with variation
Using the multiple linear regression procedures described in 5.6, three variable were found 
to be significant in describing the relationship between the Lesser Sand Plover population 
and time since the entrance was breached (Table 6.7). Partial regression coefficients 
indicate that of the three variables identified in the forward stepwise regression procedure, 
only saltmarsh and supratidal sands are significantly related and the intercorrelation of 
these factors is low (VIF < 1.5). The model explains 67% of the variation shown in the 
Lesser Sand Plover in terms of time since entrance breaching.
Table 6.7. Regression results for multiple linear regression model explaining Lesser Sand Plover population 
and the five environmental variables measured in this study. Only three variables were found to be significant 
using forward stepwise procedures in MINITAB (McKenzie et al. 1995); saltmarsh, marine water and 
supratidal sands. VIF is the variance inflation factor used to check for multicollinearity between the variables. 
The regression equation is: LSP = 62.1 - 5.65 Salt + 2.08 Mar - 1.07 Supra, which explains 66.7% of the
variation.
Predictor Coef Stdev t-ratio p  VIF
Constant 62.05 42.76 1.45 0.185
Salt -5.651 1.846 -3.06 0.016 1.3
Mar 2.0849 0.9669 2.16 0.063 1.0
Supra -1.0665 0.5340 -2 .0 0 0.081 1.3
s = 24.60 R-sq = 66.7% R-sq(adj) = 54.3%
Analysis of Variance
SOURCE DF SS MS F p
Regression 3 9714.1 3238.0 5.35 0.026
Error 8 4840.1 605.0
Total 11 14554.3 _____________
SOURCE DF SEQ SS
Saltmarsh 1 4387.1
Marine waters 1 2913.8
Supratidal sands 1 2413.2
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Simple linear correlation of the Lesser Sand Plover population since time of entrance 
breaching shows no relationship (Figure 6.25), although it is worth noting, that like Pacific 
Golden Plover, high population means were recorded around the years immediately prior to 
and after the entrance was breached in both of the cycles observed during the study period.
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Figure 6.25. Correlation between mean Lesser Sand Plover Plover population and time since the entrance 
barrier was breached by floodwaters. Trend line is included, along w ith  the results o f  simple linear 
correlation. Note however the h igh population means in the years p rio r to and after breaching (year 0).
6.3.3 Temporal changes in Red-capped Plover 1970-1996
Red-capped Plover population showed a cyclic trend over the 25 year study period. The 
population was significantly correlated with the area of intertidal flats available in the study 
(Figure 6.26). Red-capped Plover populations declined both times the entrance was opened 
and reached their lowest population when the entrance channel was almost closed. Once 
the entrance was closed, subsequent summer populations increased, with the highest 
populations being present when the greatest extent of intertidal flats were present. This 
trend was continuing at the conclusion of the study period in the summer of 1996/97.
Red-capped Plover are surface feeders, foraging on dipterans and crustaceans. This species 
occasionally breeds in the study area and like the other study species forages along the 
retreating tide line of the ebb and flow tides. Roosting occurred within the saltmarsh on the 
north western comer of the lagoon or in the lee of depressions found within the supratidal
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sands. Infrequently they were found roosting on the beach front behind piles of wrack. The 
population was gregarious during roosting periods, however dispersed widely through the 
foraging area at low tide. Occasional altercations between males occurred during low tide, 
and when breeding, males defended small territories around the nest site. Nesting sites 
were either within depressions in the supratidal sands that contained shell grit, or within the 
saltmarsh on the north western comer of the lagoon. This species rarely showed any 
affiliation with the saltmarsh on the eastern side of the lagoon. Most foraging occurred 
between the northern end of the lagoon and the southern shore of the entrance channel. 
Like the other study species Red-capped Plover were rarely encountered on the northern 
side of the entrance channel.
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Figure 6.26. Temporal mean summer populations o f Red-capped Plover 1970-1996, compared with variation 
in four habitat variables monitored over the same study period. Data are for the whole o f the Shoalhaven 
Heads study area. The shaded area is representative o f periods when the entrance channel was open to the sea. 
Variables illustrated are; a - saltmarsh, b - dune vegetation, c - estuarine water, d - supratidal.
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Habitat r significance
intertidal 0.718 **
supratidal -0.396 ns
estuarine -0.384 ns
saltmarsh -0.444 ns
ns=not significant 
** significant at 0.01 level
Figure 6.27. Temporal trends o f the mean summer Red-capped Plover population with habitat variables 
within the main foraging area. A strong positive correlation with intertidal flats was found (r=0.686, 
p=0.04) and estuarine water (r=-0.541,p=0.055 in the entrance channel at Shoalhaven Heads 1970-1996.
Analysis with the main foraging zone habitat (Figure 6.19) further demonstrates the species 
associations with the intertidal flats south of the entrance channel (Figure 6.27). This 
species shows a clear decline through both periods of the closure phase of the entrance 
followed by increases once the entrance is fully closed. There was no significant correlation 
with any other of the measured variables through the study period.
Further analysis of the shorebird population as a function of time since breaching occurred 
was conducted using stepwise multiple linear regression (Table 6.8). Only two variables 
were found to be significant using the forward stepwise multiple regression procedures, 
intertidal flats and the area of estuarine water in the entrance. This analysis indicated that 
61% of the variation in the plovers population since year of breaching could be explained 
by the model. This can be explained as a function of the foraging activities of the plover, 
the plover often being more abundant at times of increased intertidal flats (Figure 6.27), the 
additional area presumably allowing for greater invertebrate productivity after the entrance 
has closed.
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Table 6.8. Regression results for multiple linear regression model explaining Red-capped Plover Population 
and the five environmental variables measured in this study. Only two variables were found to be significant 
using forward stepwise procedures in MINITAB (McKenzie et al. 1995); Intertidal flats and estuarine water. 
VIF is the variance inflation factor used to check for multicollinearity between the variables. The regression 
equation explaining the population since year o f entrance breaching is; RCP = - 171 + 1.72 Inter + 1.63 Est, 
which explained 61.1 % o f the variation.
Predictor Coef Stdev t-ratio p VIF
Constant -170.74 72.72 -2.35 0.043
Inter 1.7226 0.4646 3.71 0.005 2.1
Est 1.6322 0.7256 2.25 0.051 2.1
s - 23.69 R-sq = 61.1% R-sq(adj) = 52.5%
Analysis o f  Variance
SOURCE DF SS MS F p
Regression 2 7936.7 3968.3 7.07 0.014
Error 9 5050.3 561.1
Total 11 12986.9
SOURCE DF SEQ SS
Intertidal flats 1 5097.1
Estuarine water 1 2839.5
Figure 6.28. Correlation between mean Red-capped Plover population and time since the entrance barrier 
was breached by floodwaters. Trend line is included, along with the results of simple linear correlation.
Analysis of the Red-capped Plover population since year of breaching using linear 
correlation analysis (Figure 6.28) suggests a near significant trend in the relationship (r = 
0 396, p  — 0.06). It is obvious that the plover populations were high following eight years 
from breaching in both cycles examined in this study.
6.3.4 Temporal changes in Double-banded Plover 1970-1996
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Double-banded Plover population showed an increasing trend between 1976 and 1992 after 
which the population crashed to its lowest mean since 1980 (Figure 6.29). This species 
foraged primarily in the intertidal zone on the ebb tide and less vigorously during the flood 
tide. Roosting occurred in depressions within the supratidal sands and behind wrack on 
windy days. Occasionally the species roosted gregariously with other shorebirds in the 
saltmarsh on the north western comer of the lagoon. In the latter years of the study, 1995 
onwards, some individuals foraged on the emergent islet in the middle of the lagoon at low 
tide.
Except for between 1993-1995 there was a significant positive correlation between the 
Double-banded Plover population and saltmarsh (r=0.572, /?=0.05)and dune vegetation 
(r=0.0621, p=0.025), even though the latter habitat is not utilised at all by the plover (Figure 
6.29)
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Figure 6.29. Temporal mean winter populations o f Double-banded Plover 1970-1996, compared with 
variation in four habitat variables monitored over the same study period. Data are for the whole of the 
Shoalhaven Heads study area. The shaded area is representative o f periods when the entrance channel was 
open to the sea. Variables illustrated are; a - saltmarsh, b - dune vegetation, c - intertidal flats, d - supratidal
sands.
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Further analysis of the foraging zone within the study area revealed no significant 
correlations with the measured variables, though there may be a casual relationship with 
the area of estuarine water (Figure 6.30)
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Figure 6.30. Temporal mean winter populations of Double-banded Plover 1970-1996, compared with 
variation in four habitat variables in the foraging zone of the study area. None of the variables showed a 
significant correlation with this species in the foraging zone.
Analysis of the shorebird population as a function of time since breaching occurred was 
conducted using stepwise multiple linear regression (Table 6.9). Using forward stepwise 
multiple regression procedures of section 5.6 only one variable, dune vegetation, was found 
to be significantly correlated with time since breaching. Because dune vegetation is not 
used by the plover, this relationship must be viewed as spurious or casually related to the 
reduction in area of other variables as the dunes consolidated after 1984. Removing dune 
vegetation from the list of variable in the stepwise procedure resulted in estuarine waters 
being significant, however regression of this variable resulted in a significant constant 
value and so the analysis was rejected. Transformation of the variables did not improve the 
result.
Habitat r significance
intertidal -0.276 ns
supratidal -0.431 ns
estuarine 0.414 ns
saltmarsh -0.478 ns
ns=not significant
| estuarine -^-intertidal — supratidal — Double-banded Plover|
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Table 6.9. Regression results for multiple linear regression model explaining Double-bandedPlover 
population and the five environmental variables measured in this study. Only one variable, dune vegetation 
was found to be significant using forward stepwise procedures in MINITAB (McKenzie et al. 1995); Dune 
vegetation. The regression equation is DBP = 56.7 + 4.84 Dune, which explains 39% of the variation.
Predictor Coef Stdev t-ratio P
Constant 56.73 17.99 3.15 0.010
Dune 4.839 1.932 2.51 0.031
s = 43.87 R-sq = 38.6% R-sq(adj)i = 32.4%
Analysis o f Variance
SOURCE DF SS MS F p
Regression 1 12077 12077 6.28 0.031
Error 10 19245 1925
Total 11 31322
An analysis the Double-banded Plover and time since entrance breaching (Figure 6.31 ) 
shows a slight negative linear trend, however it was not significant (r = 0.188,p  = 0.45). It 
is however worth noting that Double-banded Plover population increased after each closure 
of the entrance during both cycles observed and fell after each opening (Figure 6.31 ).
Figure 6.31. Correlation between mean Double-banded Plover population and time since the entrance barrier 
was breached by floodwaters. Trend line is included, along with the results o f simple linear correlation.
3.3.5 Temporal changes in Red-necked Stint 1970-1996
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The Red-necked Stint population demonstrated a highly variable temporal trend throughout 
the 25 year study period and did not correlate with any of the habitat variables being 
measured for the entrance study area (Figure 6.32, Table 6.10). Like the other species being 
monitored in this study, the stints showed a strong preference for the foraging zone of the 
study area (Figure 6.19). They were generally gregarious feeding in a single large flock on 
the retreating ebb tide line, throughout the wetter intertidal flats at low tide and following 
the flood tide line in. Roosting occurred throughout the foraging zone south of the southern 
shoreline of the entrance channel. This species often roosted gregariously, in depressions 
within the supratidal flats, behind wrack and within the saltmarsh on the north western and 
eastern sides of the lagoon. They were rarely observed north of the entrance channel or on 
the southern half of the lagoon periphery. This species responded to the closing of the 
entrance channel on both the closing phases that occurred in the study period. During this 
period, populations fell quite rapidly in successive summers. Once the entrance was fully 
closed, the population began increasing rapidly in successive summers (Figure 6.32).
Although the Red-necked Stint populations showed no relationship with the total area of 
intertidal flats, a significant positive correlation with the area of intertidal flats within the 
feeding area was detected (Figure 6.33). As mentioned above, this is most likely a function 
of the highly preferred foraging area this species preferred. This species habitually probes 
the top 2 -3  mm of wet intertidal sediment for invertebrates and the greater the area of 
sediment available, the greater area of potential foraging habitat that can be exploited by 
this species. Why stints did not feed regularly to the north of the defined foraging area 
throughout the study period is an anomaly that warrants further investigation.
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Figure 6.32. Temporal mean summer populations o f Red-necked Stint 1970-1996, compared with variation 
in four habitat variables monitored over the same study period. Data are for the whole o f the Shoalhaven 
Heads study area. The shaded area is representative o f periods when the entrance channel was open to the sea. 
Variables illustrated are; a - supratidal sands, b - estuarine waters, c - saltmarsh, d - intertidal flats.
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Habitat r significance
intertidal 0.620 *
supratidal 0.068 ns
estuarine -0.234 ns
saltmarsh -0.320 ns
* significant at 0.05 level 
ns=not significant
Figure 6.33 Temporal mean summer populations of Red-necked Stint 1970-1996, compared with variation in
four habitat variables in the foraging zone of the study area. Intertidal flats showed a significant correlation
with this species in the foraging zone.
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Analysis of the data using the multiple linear regression procedures described in 5 .6  show 
that none of the environmental variables measured from the GIS are useful in explaining 
the Red-necked Stint population in terms of time since entrance breaching (Tabl 6.10). 
Analysis of the population of the stints in terms of years since breaching shows that a 
second order polynomial regression explains 37% of variation, indicating that the 
population increased gradually each year after breaching during both breaching cycles 
(Figure 6.34)
Table 6.10. Regression results for multiple linear regression model explaining Red-necked Stint population 
and the five environmental variables measured in this study. Non of the variables was found to be significant 
using forward stepwise procedures in MINITAB (McKenzie et al. 1995). The multiple regression table below 
shows that all the partial regression coefficients are not significant, thus the model is viod. Note also that the 
variance inflation factor was high for all variables suggesting the presence o f multicollinearity.
Predictor Coef Stdev t-ratio P VIF
Constant -8236 9230 -0.89 0.413
Mar 33.51 44.74 0.75 0.488 143.0
Est 41.78 42.41 0.99 0.370 438.3
Supra 36.49 39.41 0.93 0.397 459.4
Dune 6.19 39.66 0.16 0.882 88.2
Salt 94.89 77.98 1.22 0.278 152.5
Inter 39.61 43.38 0.91 0.403 1118.0
s = 95.89 R-sq = 54.0% R-sq(adj) = 0.0%
Analysis o f Variance
SOURCE DF SS MS F p
Regression 6 54004 9001 0.98 0.520
Error 5 45972 9194
Total 11 99977
Figure 6.34. Relationship between Red-necked Stint and the time since entrance barrier breached by 
floodwaters. Trend line is for a second order polynomial regression which explains 37% of the variation.
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6.3.6 Temporal changes in the combined shorebird populations 1970-1996
As the above mentioned five shorebird species use the same general habitat during their 
stay in the study area it is useful to examine the combined populations for potential 
implications pertaining to the carrying capacity of the study area. It can be assumed that the 
study area only holds a limited number of intertidal invertebrates on which the five species 
can feed. Assuming this food resource is limited by the availability of suitable substrate in 
which to live, one can likewise assume that a total predatory population will adjust itself to 
the availability of prey species. As the Double-banded Plover population use the estuary at 
a different time to the other species it may be erroneous to include this species in the 
combined population. Nevertheless a comparison of all species together on a graph with 
the generalised entrance condition (Figure 6.35) illustrates a general trend in population.
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Figure 6.35. A comparison o f all five species o f shorebird examined in this thesis 1970-1997 with the shaded 
area representing a generalised representation o f the entrance channel condition (500 open, 0 closed).
There is a small but clear increase in populations between 1970/71 and the first opening in 
1974. All species declined during the closing phase of the estuary in both cycles, with the 
combined lowest populations occurring in 1980 and 1994, the years of closure. In the three 
periods of estuary closure recorded during the study period (1970-74, 1980-88, 1994-97), 
all species except for Lesser Sand Plover show an increasing trend. Despite this apparent 
trend, there was no significant correlation between the total population and any of the 
measured variables and so no model could be computed using multiple linear regression.
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One way of reducing the collinearity of a species and environmental matrix is to use a 
multivariate statistical procedure such as correspondence analysis, CA (section 5 .6 ). CA 
reduces the combined data into a biplot where the environmental and species results can be 
explored and plotted in the same coenspace. Using data for the foraging zone only in this 
study (Figure 6.19) the results of the CA show a similar pattern to that found in the 
multiple regression for each species where such analysis was valid. It also provides an 
analysis for the data that could not be tested using multiple regression. Succinctly, it shows 
that Red-capped Plover can be related to changes in saltmarsh, Red-necked Stint 
populations were related to changes in estuarine waters and supratidal sands, Double­
banded and Pacific Golden Plovers were related with changes in the area of intertidal flats 
and Lesser Sand Plover were somewhat related with changes in supratidal sands and 
estuarine waters (Figure 6.36).
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Figure 6.36 Correspondence analysis for the five shorebird species and four habitat variables within the 
feeding zone o f Figure 6.19. Axis 1 explains 53% of the variation and axis 2, 31% of the variation give a total 
explanation o f 83% o f the variation for species related to habitat variables as a function o f time since entrance 
was breached by floodwaters. PGP - Pacific Golden Plover, DBP - Double-banded Plover, RCP - Red-capped 
Plover, LSP - Lesser Sand Plover, RNS - Red-necked Stint.
Using the mean of all five species combined, these trends become more obvious as a 
function of time since the entrance was breached by floodwaters (Figure 6.37). This shows 
that the time of the lowest populations occurred at between five and six years after 
breaching in both cycles observed during the 25 year study period.
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Figure 6.37. Relationship o f combined shorebird populations as a function since time o f entrance breaching. 
A second order polynomial regression explained 54% o f the variation in this relationship which is significant.
This surprising result left only one obvious abiotic factor left to test, the relative openness 
of the entrance condition. This factor was tested on an arbitrary scale of l=open and 
0—closed. As mentioned above, analysis of the data shows a cyclic response trend in 
response to the openness of the entrance (section 6.2). During this cycle the entrance was 
open for seven years after breaching. Examination of Figure 6.37 shows the total shorebird 
population declining as the entrance closes. Once closed, the area of intertidal flats 
increases as does the total shorebird population. This trend is emphasised if one looks at 
the intraspecies mean of the five shorebird species through the study period (Figure 6.38). 
It is clear from this analysis that the total population is increasing prior to the opening 
events of both phases of the entrance cycle. Once the entrance is open, populations decline, 
and continue to do so until the entrance is fully closed. The population then increases to a 
maximum on the year of barrier breaching. This trend can be generalised into a model that 
describes the species trend through the opening and closing phases of the entrance channel 
(Figure 6.39). This model is independent of the habitat variables measured from the aerial 
photography, and would appear to suggest that factors other than the abiotic variables 
measured in this study are responsible for the overall variation in the shorebird population
at Shoalhaven Heads.
Chapter 6 130
300
250
200
150
100
50
70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97
Figure 6.38 The intra-species mean +1 SE o f the five shorebird species at Shoalhaven Heads 1970-1996 
with the generalised entrance condition (open 250, closed 0).
The most likely biotic function responsible for changes in shorebird populations is a 
changing invertebrate population. As reported elsewhere (Jones 1987, 1990) intertidal 
invertebrates respond to the changing salinity gradients in estuarine conditions. The studies 
of intertidal invertebrate populations in other eastern Australian estuaries indicate that 
species composition and abundance changes in response to salinity gradients caused by 
freshwater flushing during and immediately after flood events. Species composition 
gradually changes back to species that prefer brackish to marine salinity (Jones 1990).
Figure 6.39 A generalised model illustrating the response o f the five shorebird species to the generalised 
entrance condition o f the estuary at Shoalhaven Heads
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Discussion and Conclusion
7.1 Monitoring environmental change
The integrated use of remote sensing and GIS technologies is increasingly becoming a 
recognised method of assessing temporal change within the landscape (Haines-Young et a l 
1993, Star et al. 1997) . Although freshwater wetlands, brackish wetlands and coastlines 
have been well studied using various integration’s of remote sensing and GIS (Scarpace et 
a l  1981, Sader 1992, Dolan et a l  1990, Loyne & Greene 1992, Jensen et a l 1995, Murkin 
et a l  1997), the study of estuarine wetland systems using these technologies is 
comparatively poorly represented within the literature (Donoghue et a l 1987, Burgess et 
a l  1990, Barrett & William 1993, Young et a l  1996). Furthermore, within Australia the 
study of intermittent estuarine morphology has not evolved beyond the simple descriptive 
stage (Hesp 1974, Giese 1988, Boshoff et a l 1990, Pollard 1994) with statistical analysis 
being the realm of complex engineering studies such as Frick et a l  (1996). There does not 
appear to be any temporal studies in Australia, linking intermittent estuarine processes to 
changes in shorebird populations.
This study has demonstrated that, with sufficient temporal imagery of a given estuary, a 
range of geomorphological processes can be investigated and quantified with a reasonable 
accuracy. In this study I was able to demonstrate and quantify.
• dramatic temporal and spatial changes in the environmental habitats of the Shoalhaven 
River mouth
• its temporal periodic opening by floodwaters
• response of the opened estuary to coastal hydrological and aeolian processes
• the temporal spatial process of closure of the river mouth
• the temporal spatial realignment of the beach
• the temporal spatial evolution of saltmarsh communities, dune vegetation communities, 
intertidal flats and the infilling of Comerong Lagoon
These factors are important in understanding how the dynamic nature of estuarine systems 
fluctuate thiough time. It will also assist in understanding how these changes influence the
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in terms of geomorphological process, the fact that two complete phases of the cycle were
observed suggests the trends described may be typical of the longer term evolution of the
estuary. Studies from some northern hemisphere sites have demonstrated that much longer
term cycles do exist in estuarine development (Giese 1988, Reynolds 1988), while in
Australia there appears to be few studies that have realised the potential ecological
importance of periodicity in the opening/closing regimes within the intermittent estuarine
environment (Hesp 1984, Pollard 1990, Yassini & Chafer 1998).
In terms of examining temporal spatial properties of an estuary, the use of classic time series 
analysis is precluded due to the imperfect recording of regular remotely sensed imagery. 
This may be partially resolved in future with the ever increasing regularity of satellite 
derived remotely sensed imagery. Nevertheless, at the time of writing, Landsat imagery 
contain a minimum spatial resolution of 30m2, while SPOT panchromatic imagery has a 
10m resolution. The use of such coarse imagery may be applicable to larger estuaries, and 
the SPOT imagery may even be useful for small scale estuaries such as the one in this study. 
Until satellite data with a higher spatial resolution becomes readily available, the use of 
coarse scale (10-30m) imagery would preclude the observation of small-scale habitat 
development such as the critically important saltmarshes around Comerong Lagoon. For 
historical purposes, there are few areas in Australia that were photographed remotely prior 
to World War II, and coverage since then is generally infrequent. This of course limits the 
amount of temporal information that is directly quantifiable. One method of overcoming this 
shortfall is the use of the contingency periodogram developed by Legendre et a l. (1981) as 
used herein. Those authors demonstrated the non-parametric time series analysis was able to 
determine periodicity in a wide range of ecological processes, from both qualitative and 
quantitative data. The use of this technique is easily adaptable to studying temporal 
geomorphic processes, where only categorical classes of an estuaries condition are 
available. Indeed, Legendre et a l. (1981) and Legendre & Vaudor (1991) provide 
techniques for reducing complex metric data into categorical classes whereby any 
quantitative or qualitative data may be examined for periodicity using the contingency 
periodogram. In this study , the use of periodogram clearly exposed the periodicity of the 
entrance cycle using a simple trinomial description of the general entrance condition.
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7.2 Monitoring shorebird change
Monitoring shorebird populations is a relatively simple matter once regular roost and 
foraging areas have been determined. Throughout the world regular long-term studies into 
shorebird population have been occurring since the 1970’s (reviewed in chapter 4). 
Unfortunately, few studies last beyond the ten year period, and very few exceed the 2 0  year 
minima defined by Baillie (1990) as being essential for understanding temporal population 
trends. This study has clearly demonstrated that the dynamic nature of the estuarine 
environment requires study periods in excess of 2 0  years to even begin understanding the 
temporal link between geomorphological and shorebird patterns.
Although it can be argued that the Shoalhaven estuary is somewhat unusual in 
geomorphological character, it is nevertheless regarded as the fifth most important 
shorebird station in NSW (Smith 1990). As such, it is important to be able to identify how 
changes in the estuarine environment may affect shorebird populations in the future. Pegler 
(1996), identified environmental change and human disturbance as a contributing factor in 
the decline of some shorebird populations in Botany Bay, however no quantitative analysis 
of either issue is considered. Although habitat loss and human disturbance may well be 
contributing factors to species declines, without quantitative analysis of habitat definitive 
statements should not be made. This is exemplified by Schekkerman et a l (1994) who, 
knowing the diets of the local shorebirds, were able to analyse the effect of habitat loss on 
individual species. They showed that population declines came, generally, only from 
intertidal foraging shorebirds that used specific areas of the estuary most affected by the 
engineering works.
A similar smaller scale study on the Tees estuary in Britian also showed that a reduction in 
intertidal flats affected those species that fed within particular areas of the intertidal zone 
being removed by reclamation works (Evans & Pienowski 1984). It is well proven that the 
most important factor in the ecology of non-breeding shorebirds, is the distribution and 
abundance of their prey (Bengtson & Svennson 1967, Wolff 1969, Bryant 1979, Rands & 
Barkham 1981, Goss-Custard 1985, Baird et a l  1985, Piersma 1987, Zwarts et al. 1992, 
Kalejta & Hockey 1994, Meire et a l  1994), and so it is not surprising that the reclamation
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of intertidal flats causes a reduction in species that forage within this habitat. The opening of
the Shoalhaven estuary should theoretically have the same impact as reclamation works, i.e. 
the abrupt removal of intertidal flats and changes in the tidal amplitude which is also an 
important foraging constraint for shorebirds (Burger 1984, Evans & Pienowski 1984, 
Schekkerman et a l  1994).
Of the five Shoalhaven shorebird species studied herein, only the Red-necked Stint is a 
tactile probing intertidal forager. The other four species are surface foragers with large eyes 
that forage on terrestrial insects, such as dipterans and their larvae, and crustaceans, such as 
crabs and amphipods (Abensperg-Traun & Dickman 1989, Dann 1991, del Hoyo et a l 
1996). Although each species appeared to respond differently to the breaching events, the 
data presented herein showed that in the years following entrance breaching the total 
population of the five species declined, reaching their lowest combined total on the year of 
entrance closure. Once the entrance closed, the total population also began to rise. Thus, 
although the regression models for some of the species studied were inconclusive, the 
evidence is sufficient to suggest that intertidal flats are an important factor influencing the 
five shorebird species studied herein.
With the possible exception of intertidal flats, the results of the statistical analyses 
conducted in this study suggest that the set of environmental variables studied were not 
adequate for monitoring correlation’s between the entrance condition and shorebird 
populations. Only the generalised entrance condition and years since breaching proved to be 
a useful guide to predicting the trend of shorebird populations. As has been shown 
elsewhere, notential prey species for shorebirds are not distributed evenly through the 
intertidal zone (Bengtson & Svenson 1968, Wilson 1991, Kalejta & Hockey 1994, 
Scheiffarth et a l  1996), rather they congregate in niches within the tidal zone across the 
landscape. Thus shorebirds likewise forage in areas where prey are most abundant, and this 
area undoubtedly changes through the dynamic cycle of the Shoalhaven entrance . Because 
the remote sensing and GIS analysis was not able to discriminate where these niches may 
exist within each habitat variable, it is perhaps not surprising that the regression models 
were unsuccessful in finding predictors for all the species. Secondly, as Jones (1990) has 
demonstrated, major flood events change the salinity gradients of lower estuarine
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environments. If we consider Comerong Lagoon and the entrance basin in the closed barrier
stage, the water is brackish with a high biomass of seagrasses and macroalgae. At the time 
of breaching, the area is saturated with turbid freshwater which may persist for several days 
as the flood volume builds behind the barrier, breaches the barrier and then dissipates. Once 
breached, the entrance is fully tidal with water quality and tidal amplitudes similar to the 
adjacent ocean. Undoubtedly (though unproven), the benthic invertebrate populations in the 
Shoalhaven estuary change in relation to these radical changes in water quality, salinity 
gradients, and marine flora biomass. These changes are probably reflected in the changing 
shorebird population numbers, high numbers reflecting high prey availability and low 
number reflecting low prey availability. Although additional research on this subject is 
required, I would hypothesise that invertebrate numbers and species composition change as 
a function of the general entrance condition. This may explain why there is a general 
correlation trend in shorebird populations to entrance condition rather than any area of 
specific habitat.
7.3 Predicting shorebird populations based on environmental variables
In 1989 I published an account of temporal shorebird dynamics over a ten year period 
(Chafer 1989). In that document I made several predictions which have subsequently 
proven to be erroneous for several endangered species. It is obvious that without some 
qualitative or quantitative analysis of temporal habitat change the findings of the shorebird 
study alone would be even more confusing. It is also imperative to note that a twenty five 
year study period was required to unravel cyclic trends in the studied shorebird populations 
in one section of this estuary. There are few studies completed elsewhere in Australia that 
have data suitable for analysing such a lengthy time series. Nevertheless, analysing available 
data may reveal trends of cycles not previously realised. For the Shoalhaven River, the 
availability o f long term remotely sensed data, analysed within a GIS has clearly 
demonstrated that natural dynamic geomorphological processes influence shorebird 
populations. Intermittent barrier estuaries are common in NSW with some 45 % of the 
States estuaries being classed as such (Pollard 1994). It would seem logical that natural or 
anthroprogenically induced geomorphological changes have impacted on other NSW
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shorebird populations (Smith 1991). Analysis of estuaries where shorebird populations have
changed in conjunction with aerial photographic interpretation may prove to be a useful
analytical tool for inferring reasons behind such shorebird population changes. The data
from the Shoalhaven River clearly demonstrate that long term data are required before any
trend in shorebird population dynamics can be interpreted. It is also clear that, as suggested
by Baillie (1990), a study period of at least twenty years is required to decipher population
patterns. Concomitantly, although studying the geomorphological history of an estuary is
also important in analysing the spatial and temporal patterns of habitat, clearly some analysis
of preferred prey abundance and spatial patterns are also required.
7.4 Problems in data accuracy and acquisition
This study critically examined the role of error reporting in the presentation of spatial 
databases. It is important, yet often overlooked, to consider where and by how much 
potential interpretation error may exist within any map product. Any interpreted map 
product is only as good as the experience of the interpreter in, not only identifying habitat 
boundaries correctly, but also to adequately use the technologies responsible for transferring 
remotely sensed data (either photography or imagery) into meaningful classified maps. The 
reporting of an error matrix (Table 6.4) provides the data required to critically analyse and 
understand the inherent error. The use of the conservative logic-based error assessment 
(equation 5 .1), is also a useful method of overcoming and reporting on problems resulting 
from fuzzy habitat boundary uncertainties. Its use in this study confirmed the findings of 
Dunn et a l  (1991) that the greatest total habitat potential error occurs in polygons digitised 
as large singular areas and habitats that contain many small polygons.
7.5 Management issues and conservation of shorebird populations
In the Shoalhaven, a basic cyclic model (Figure 6.39) adequately described the cyclic nature 
for a discrete shorebird populations community over a 25 year period. Of these five species, 
the Shoalhaven estuary has held significant populations in terms of the State total (Chafer 
1989, Smith 1991). Through time these populations changed significantly, increasing and 
decreasing with the changing state of the lower estuary. These changes demonstrate that
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populations that were impacted upon by this natural phenomenon eventually recovered their
populations once conditions returned to a favourable foraging environment. Lawler (1994) 
details a number of factors which should be considered in terms of shorebird habitat 
management. Unfortunately his study did not include temporal historical analysis of 
shorebird habitats, even though it could be conceived that an understanding of recent 
estuarine conditions is necessary in order to understand how planned engineering or other 
developments may impact on shorebird populations.
This study has demonstrated that long term data on both the shorebird populations and the 
environments in which they reside are required to fully understand how any conceived 
alteration to the natural system is to be interpreted. For example, the suite of species 
examined in this study are restricted to a specific portion of the lower Shoalhaven estuary, 
yet unless this factor is documented, any plans to, say, alter the hydrology of the lagoon, 
could not foresee what impact this may have on the species’ ecology and future population 
trends.
7.8 Conclusion
This study has demonstrated the usefulness of investigating temporal geomorphological 
change using integrated remote sensing and GIS technologies. It is demonstrated that using 
any single period with the 25 year study period as a normal picture of the state of the river 
entrance would be misleading. Although Ponsford et al. (1977) clearly pointed out the 
changing dynamics of the river entrance, they were not able to determine the periodicity of 
the events surrounding this phenomenon nor did they acknowledge any impacts on the 
shorebird species using the estuary.
I have shown that temporal analysis of the GIS derived data was able to describe the 
evolution of several habitats within the study area, including the realignment of the beach to 
a similar configuration on three occasions (1970, 1986, 1996) and the development of 
saltmarsh communities and dune vegetation. I was also able to identify periodicity of the 
entrance breaching event over a sixty year period with a simple categorical analysis using 
the contingency periodogram.
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This study has also demonstrated that shorebird populations of the five species studied are
temporally dynamic and are affected by the entrance channel condition. Populations of
Lesser Sand Plover has decreased significantly over the 25 year study period, its resident
population now a serious concern. The other four species all show a cyclic response to the
generalised entrance condition, decreasing after severe flooding has breached the entrance
barrier dune, and increasing after the barrier dune has reformed. This process has taken 6-7
years followed by a 6-7 year period of barrier closure and tidal flat increase. The largest
populations of any of these four bird species was only present for a two to three year period
during the latter part of the closure period and first year of the opened estuary.
Lawler (1994) identified intertidal flats as the main habitat to be considered in terms of 
shorebird conservation and management in NSW followed by vegetation coverage. This 
study also identified intertidal flats and saltmarsh as important criteria of the five study 
species. However, the importance of the supratidal flats and the productivity of the river 
channel and the entrance condition cycle also need to be considered in considering 
management options for the lower Shoalhaven estuary.
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Appendix 1
Appendix 154
Shorebird Data
Species data for each count of the summer or winter surveys as defined in text (p 34) for the five shorebirds 
studied in this thesis. Data for 1970-1974 as courtesy of Allan K. Morris. Data for 1976-1981 are courtesy 
o f the late John Hobbs. No data were available for 197 land 1975. Data are for the best three counts in years 
with multiple counts
Year Pacific
Golden
Plover
Lesser
Sand
Plover
Double­
banded
Plover
Red-
capped
Plover
Red­
necked
Stint
Mean
total
1970 100 100 50 100 200 550
1971 no data no data no data no data no data no data
1972 42 30 80 34 155 341
1973 40 150 no data 20 160 370
1974 39 133 132 93 260 657
1975 no data no data no data no data no data no data
1976 70 71 100 66 250 557
88 69 35 80 300
90 90 38 60 250
60 93 40 80 300
1977 79.3 84.0 37.7 73.3 283.3 557.7
40 43 48 30 400
91 40 52 39 300
56 52 54 40 290
1978 62.3 45.0 51.3 36.3 330.0 525.0
142 89 90 63 240
103 58 35 74 380
88 113 54 160
1979 111.0 86.7 62.5 63.7 260.0 583.8
60 34 23 21 155
71 45 20 23 160
38 45
1980 65.5 39.0 21.5 29.7 157.5 313.2
1981 60 45 43 23 150 321.0
1982 71 38 70 45 282 506.0
80 42 90 130 300
100 38 93 120 320
72 50 69 140 290
1983 84.0 43.3 84.0 130.0 303.3 644.7
101 44 93 86 271
104 42 101 134 324
109 53 130 130 342
1984 104.7 46.3 108.0 116.7 312.3 688.0
158 37 100 170 300
97 32 90 120 300
147 30 85 195 352
1985 134.0 33.0 91.7 161.7 317.3 737.7
176 21 104 90 409
177 25 108 153 400
184 21 92 132 282
1986 179.0 22.3 101.3 125 0 363.7 791.3
Appendix 
Appendix con’t
Year Pacific Lesser Double- Red- Red- Mean
Golden Sand banded capped necked total
Plover Plover Plover Plover Stint
220 5 144 120 546
224 4 217 100 264
235 11 150 101 420
1987 226.3 6.7 170.3 107.0 410.0 920.3
100 7 175 67 513
161 3 110 205 575
128 12 136 141 546
1988 129.7 7.3 140.3 137.7 544.7 959.7
230 1 213 80 150
233 10 238 80 265
250 69 200
1989 237.7 5.5 225.5 76.3 205.0 750.0
220 1 160 80 231
225 165 91 170
224 60 180
1990 223.0 1.0 162.5 77.0 193.7 657.2
312 29 131 54 520
215 28 141 30 568
212 476
1991 246.3 28.5 136.0 42.0 521.3 974.2
100 70 218 14 165
103 62 224 12 220
106 15 220 20 250
1992 103.0 49.0 220.7 15.3 211.7 599.7
104 11 186 42 210
106 14 150 30 200
100 10 174 26 230
1993 103.3 11.7 170.0 32.7 213.3 531.0
58 8 59 42 47
60 6 65 35 60
52 7 60 28 52
1994 56.7 7.0 61.3 35.0 53.0 213.0
72 1 97 4 64
69 73 10 110
65 80 6 120
1995 68.7 1 83.3 6.7 98.0 257.7
58 2 145 32 158
53 2 167 23 192
50 2 42 160
1996 53.7 2.0 156.0 32.3 170.0 414.0
78 1 192 28 250
65 2 185 15 200
66 1 190 23 235
1997 69.7 1.3 189.0 22.0 228.3 510.3
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